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Abstract
Nanoelectromechanical (NEM) switches exhibit abrupt switching behavior and near-
zero leakage current making them promising alternatives to conventional semiconduc-
tor switches. However, they require high actuation voltages and commonly suffer from
permanent adhesion of device components leading to failure. This thesis proposes a
novel NEM switch, or "squitch", that overcomes these challenges by electromechan-
ical modulation of tunneling current through a nanometer-thick gap defined by an
organic thin-film sandwiched between two electrodes. The switching is initiated by an
applied voltage compressing the organic film to reduce the tunneling width leading
to an exponential increase in the tunneling current. The deformed organic mate-
rial prevents direct contact of the electrodes, while also providing the restoring force
necessary to turn off the switch when the electrostatic force is removed, mitigating
stiction-induced failure.
In this thesis, the feasibility of the proposed switching mechanism is investigated
through theoretical analysis of two- and three-terminal devices, demonstrating the
possibility of energy efficient operation in the sub-1 V regime, with nanoseconds
switching time and a large on-off current ratio of greater than 106. Based on the
theoretical studies, design requirements are identified to guide the fabrication process
of the proposed devices. Various methods of fabricating these devices have been
developed, the details of which are outlined in this work.
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Chapter 1
Introduction
1.1 Towards nanoelectromechanical (NEM) switches
The continued scaling of metal-oxide semiconductor (CMOS) transistors is accom-
panied by increased power dissipation, leakage currents and short-channel effects
[2, 3], emphasizing the need for alternative or complementary technologies to sustain
increasingly demanding applications. Nanoelectromechanical (NEM) switches have
emerged as promising candidates as they exhibit abrupt switching behavior with large
on-off current ratios and near-zero off-state leakage currents allowing low power con-
sumption [4, 1, 5, 3, 6]. They also exhibit sub-threshold slopes significantly below
the 60 mV/decade theoretical limit of conventional solid state devices [4]. However,
current NEM switches require relatively high actuation voltages exceeding 1 V and
commonly suffer from failure due to irreversible adhesion between device components
[4, 1]. Addressing these limitations is critical to allow the NEM switches mature into
viable technologies capable of satisfying the ever increasing needs of current electron-
ics industry.
This thesis seeks to overcome the challenges associated with NEM switches, to
develop energy efficient devices with low operating voltage while exhibiting improved
reliability by mitigating stiction-induced failure. To this end, tunneling NEM switches
are proposed that operate based on electromechanical modulation of electrical con-
duction through organic thin films. The details of the switching mechanism will
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be further discussed in the following sections prior to which fundamentals of NEM
switches and the progress in this field will be summarized.
1.2 Progress in the field of NEM switches
Since the 1980s [7] when the research in the field of microelectromechanical (MEM)
switches initiated, rapid advancements have occurred in terms of device structures
and performance. The most common electromechanical switches consist of a capac-
itive structure in which an active element is electrostatically attracted towards an
opposing electrode. Once reaching the pull-in gap, the distance at which the electro-
static force overwhelms the spring restoring force, the electrode will accelerate rapidly
toward the opposing electrode until direct contact is achieved, turning on the switch.
Upon removal of the applied electrostatic force, the elastic restoring force in the top
active electrode will allow its recovery to the original state, turning off the switch. If
the restoring force is not sufficient to overcome the adhesion force between the two
electrodes, they will remain in contact permanently, referred to as stiction, leading
to device failure.
The gap physically separating the two electrodes in a MEM switch, allows the de-
vice to exhibit large on-off ratios with near-zero leakage currents. However, relative
large applied voltages, exceeding 1 V, are required to provide adequate electrostatic
force to turn on the switch. This force is inversely proportional to G2 where G is the
gap between the two contacts. Thus, decreasing the gap width will reduce the required
actuation voltage which has led to diverse research efforts towards miniaturization of
the gap to the ianoscale, giving rise to NEM switches. The fundamental operating
mechanism of NEM switches is similar to that of conventional MEM systems in which
an active element commonly in the form of a cantilever or clamped beam is electro-
statically deflected towards an opposing electrode separated by a nanoscale gap to
turn on the switch once direct contact is achieved [4]. With the need to further scale
down the dimensions, and the development of novel material sets and fabrication
processes, the conventional device structures used in electromechanical switches have
20
continuously extended to include a wide variety of novel designs some of which are
discussed in this chapter.
1.2.1 Switches based on cantilevers
A class of NEM devices consists of active elements in the form of a cantilever (Figure
1-1a), a beam anchored on one end, fabricated from thin films processed through
lithography and etching steps that are also common to the CMOS industry [4]. In
these devices, the nanometer gap is defined through use of a sacrificial layer which
upon forming the cantilever structure is selectively etched. Hereafter, the electrodes
in a NEM switch will be referred to as source, drain and gate, consistent with conven-
tional terminology used in the solid-state devices. To date, various two- and three-
terminal cantilever-based switches have been reported in the literature. An example
of a device with one of the smallest switching gaps reported is a NEM switch based
on a 35 nm-thick titanium nitride (TiN) cantilever with a 15 nm-thick air gap that
has been demonstrated to operate at a 13.4 V pull-in voltage, with a large on-off ratio
of 10, abrupt switching behavior with less than 3 mV/decade sub-threshold slope
and near-zero off-state current [3].
The cantilever can also be fabricated using nanostructured materials including car-
bon nanotubes (CNT), nanowires, and two-dimensional sheets. Multiple approaches
to fabricate CNT-based two- and three- terminal NEM switches have been pursued.
A two-terminal NEM switch based on a multiwalled CNT relay that possesses metal-
lic properties with a diameter of 22 nm and length of 115 nm, 4 nm above a surface
functionalized titanium/gold (Ti/Au) bottom electrode is shown to operate at about
3 V, exhibiting a 103 on-off ratio [8]. Nanowires of different materials such as Si
[9] and two-dimensional materials such as graphene [10] have also attracted some
attention in recent years to fabricate cantilever-based switches with lower actuation
voltages and faster switching speeds.
Some NEM switches are also constructed to comprise of cantilevers undergoing
lateral (in-plane) motion through device operation, a simplified version of which is
shown in Figure 1-1b. Similar to the vertically actuated cantilevers, the lateral design
21
can utilize metal/semiconductor thin-films or nanostructured materials as the can-
tilever component [11, 12, 13]. Lateral devices commonly have an easier fabrication
process with as few as a single lithography step being required to define the relay as
well as the surrounding elements simultaneously.
OFF
Applied
Voltage
ON
(a)
OFF
SApplied
Voltage
ON
(b)
Figure 1-1: Schematic representation of vertical (a) and lateral (b) cantilever-based NEM
switches.
1.2.2 Switches based on suspended active elements
A second class of NEM switches consists of active elements in the form of a suspended
structure that is either anchored on the two ends or the entire periphery, schematically
represented in Figure 1-2. Such elements are expected to be stiffer than cantilevers,
hence exhibit faster operation but an increase in actuation voltage [4]. Suspended
carbon nanotubes [8] and two-dimensional materials [14] are among the most com-
monly studied approaches to assemble suspended electrodes in the past decade. Kaul
et al. [15] has reported an electromechanical switch based on a single-walled carbon
nanotube suspended over 130 nm-wide silicon dioxide (Si0 2 ) trenches, 20 nm above
niobium (Nb) electrodes. This device exhibits a sub-5 V turn-on voltage, with more
than 4 orders of magnitude on-off ratio, and a few nanoseconds switching time.
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Figure 1-2: Schematic representation of a NEM switch with the movable electrode in the
form of a suspended structure.
1.2.3 Switches based on vertical nanostructures
Vertically oriented nanostructures have also been used in designing NEM switches as
shown in Figure 1-3 [4]. Multiple studies of such devices based on vertically aligned
carbon nanotubes have been reported in the literature [5, 16]. In another scheme,
a NEM switch consisting of laterally actuated movable nickel (Ni) beams vertically
oriented -1 nm apart, is shown to operate at -1 V, with -1 ns switching time,
almost zero leakage current and reliable switching through about 10" cycles [17].
This design yields one of the smallest actuation voltages reported to date for NEM
switches.
Source Drain
Applied
Voltage
OFF ON
Figure 1-3: Schematic representation
vertically-oriented nanostructures.
of a NEM switch with the electrodes in the form of
1.2.4 Switches based on clamped beams
Doubly clamped beams, anchored at both ends, such as that shown in Figure 1-4
can serve as the active element in the design of NEM switches [4]. These devices
are similar in structure to that shown in Figure 1-2 but differ in that the suspended
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structures do not necessarily have clamped ends, and may be simply supported at
the ends or the entire periphery. Various device geometries based on the clamped
beams have been pursued that exhibit performance amongst the best reported in the
literature. A 50 nm silicon carbide (SiC) nanowire clamped on both ends, undergoing
lateral motion with switching gaps as small as 10 nm is shown to work at actuation
voltages as low as -1 V with an on-off ratio as high as 103 [6]. A recent work by Lee
et al. [1] reports a sub-1 V NEM switch utilizing a pipe-clip structure as shown in
Figure 1-5. This structure allows achieving gap sizes less than 10 nm at the proximity
of the trench walls and hence allows operation at as low as 0.4 V making the design
promising to surpass the performance of the solid state devices.
#" Applied w
Voltage
OFF ON
Figure 1-4: Schematic representation of a NEM switch with the movable electrode in the
form of a clamped beam.
Figure 1-5: Schematic representation of a two-terminal NEM squitch with a pipe-clip
structure achieving gap sizes of <10 nm at the edges [1].
1.2.5 Switches based on composite materials
Electromechanical switches based on piezoresistive composite materials have also been
reported in literature. Such a switch utilizes piezoresistive properties of elastomeric
polydimethylsiloxane (PDMS) doped with nickel nanoparticles [18]. In this approach,
the nanocomposite is sandwiched between two conductive contacts. Electrostatic
force promotes compression of the composite which in turn results in the formation
of percolation pathways and a decrease in resistance. The reported switch, the un-
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derlying concept of which is shown in Figure 1-6, is macro-scale in dimension and
requires a large actuation voltage.
Soure
.* s
s* . Applied
* SO Voltage > 0
OFF ON
Figure 1-6: Schematic representation of an electromechanical switch utilizing piezoresistive
composite materials. Electrostatic compression of the composite forms percolation paths
that increase the material's conductivity.
1.3 Current limitations of nanoelectromechanical
switches
Despite the rapid improvements in the NEM switch technologies as depicted in the
previous sections, these devices commonly suffer from relatively large actuation volt-
ages, beyond 1 V. In addition, they often undergo irreversible failure due to permanent
adhesion between the active component and the driving electrode rendering device
unreliable through repeatable switching cycles. The actuation voltage is dependent
on factors including the bending stiffness of the active element determined by the con-
stituent material and geometry, and the size of the switching gap. The most widely
investigated approach to lowering the operating voltage is scaling down the gap. How-
ever, the gap size achievable is limited by the available fabrication processes, and its
fabrication becomes more difficult as the gap gets smaller. As well, with the decrease
in the gap size the possibility of stiction-induced failure significantly increases.
Stiction between device components occurs when the elastic restoring force im-
posed by the deformed active element is insufficient to overcome the adhesion forces
between the two electrodes that are in contact. These adhesion forces are mainly ac-
counted for by the capillary, electrostatic, van der Waals and Casimir forces [19, 20].
The capillary forces are important mainly during the fabrication if involving pro-
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cesses in liquid environment or during operation in an environment with high humid-
ity resulting in the condensation of thin water layers at the contacting interface [19].
Surface attractive forces leading to permanent adhesion may also be in part due to
electrostatic forces, created due to accumulation of charges at the opposing surfaces
and/or due to the differences in the work functions of the device components [19].
Casimir force is the attractive force between two parallel, conductive and un-
charged plates that is quantum mechanical in nature [21]. The plates separated by
a gap, form a cavity which allows quantization of the electromagnetic field. To sat-
isfy the boundary conditions at the plates, the confined region between the plates
can only hold certain quantized modes. As the gap gets smaller longer wavelengths
cannot be maintained within this region. This lowers the zero-point energy density
in between the gap compared to the unbounded surrounding space, hence causing an
attractive force between the plates [22]. In a NEM switch, the active element and the
opposing electrode in many cases act as parallel conductive plates with an attractive
Casimir force between them. In such a parallel plate structure, in an ideal case of
completely reflective surfaces, the Casimir force is proportional to G 4 where G is the
gap between the plates [22, 23]. As the gap gets smaller this force becomes more pro-
nounced, yet it is only relevant for gap sizes beyond approximately 10% the plasma
wavelength of the metallic plate as confirmed through theoretical and experimental
investigations [24, 25, 22, 23]. Below this threshold the attractive forces which have
G dependence are dominated by the van der Waals forces that are induced by the
interactions between the fluctuating dipole moments [26, 27, 22, 23]. Van der Waals
forces play a significant role in causing stiction since in NEM switches the gaps are
ideally in the range of a few nanometers. Considering the inverse relationship between
the attractive surface forces and the electrode-electrode gap, it is evident that as the
switching gap reduces in size to lower the actuation voltage, failure due to irreversible
adhesion increases.
Various approaches have been explored to date to overcome failure due to stic-
tion during fabrication as well as throughout device operation. To prevent failure
during the fabrication process when working in a liquid environment, several drying
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techniques including freeze sublimation, and supercritical carbon dioxide drying that
avoid formation of liquid meniscus between device components have been utilized
and have shown to noticeably reduce such failure modes [28]. Another approach is
the use of textured surfaces to decrease adhesion through reducing the contact area
between the active element and opposing electrode when in direct contact. This
is commonly achieved through enhancing surface roughness during the fabrication
process or through fabrication of nanostructured features on the surface [28]. Even
though effective in reducing surface adhesion, this approach is not desirable if flat sur-
faces are required. Considering the need for nanometer-thick gaps in NEM switches,
surface texturing does not appear as the most feasible resolution to overcome stiction.
A more effective approach is surface treatment of device components with anti-
stiction coatings, most successfully achieved through chemical functionalization of
surfaces with self-assembled monolayers (SAMs). To form self-assembled monolay-
ers, the molecules should possess at one end, functional groups that selectively react
with the material constituting the surface of device elements to form uniform layers,
with single molecule thickness. The remaining part of the molecule should provide a
low surface energy to alleviate adhesion forces [28]. The anti-stiction SAMs that are
hydrophobic in nature reduce adhesive forces due to capillary effects during the fab-
rication and when in use through preventing formation of liquid meniscus [28]. These
low surface energy SAMs also contribute to lowering van der Waals forces. A wide
variety of self-assembled monolayers have been explored to date including chlorosi-
lanes (R 4 _,SiCl, with n being the number of chlorine atoms ranging from 1 to 3),
amines (RNH 2), alcohols (ROH), carboxylic acids (RCOOH) and thiols (RSH) where
R is commonly alkyl or perfluorinated alkyl chains providing the required low-energy
surface property [29]. These molecules however are insulating and suppress electron
conduction through the layer, thus, when used in contact electromechanical switches
they inhibit to some extent the on-state conduction [30]. Also, since they are insulat-
ing, they promote accumulation of trapped charges with the possibility of leading to
attractive surface electrostatic forces between the device components. To overcome
this problem, use of conjugated, hence conducting, self-assembled monolayers such
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as thiophenol and naphthalenethiol which still provide a low-surface energy has been
investigated as a promising alternative [31].
Despite the efforts to reduce permanent adhesion, this mode of failure is an ongo-
ing challenge with increasing importance as the switching gaps are further reduced in
dimension. Thus, minimizing gap-size to lower the actuation voltage should be pur-
sued concurrent with mitigating stiction-induced failure, a motivation of this thesis,
the concept of which is introduced in the following section.
1.4 Thesis objectives
This thesis presents tunneling NEM switches that operate by electromechanical mod-
ulation of electrical conduction through organic thin-films. In the simplest form the
switch consists of a compressible insulating nanometer-thick organic layer sandwiched
between two conductive contacts, shown in Figure 1-7. The thickness of the organic
film will define the tunneling gap and is selected to be sufficiently thick such that
no significant tunneling occurs when the device is off. Applying a voltage between
the contacts allows electrostatic compression of the organic film. As the material is
compressed, the charge tunneling distance will decrease leading to an exponential in-
crease in current, turning on the switch. When the applied voltage is removed, the top
electrode will recover to its original resting position, transitioning to the off-state. In
this squeezable switch, or "squitch", the extent of compression and consequently the
electrical conduction through the organic layer is modulated by the applied voltage.
The use of the organic layer facilitates formation of a few nanometer-thick tunnel-
ing gap with the film thickness defining the electrode-electrode spacing, hence, allows
significant reduction in the operating voltage to the sub-1 V regime. In addition,
the presence of the organic active layer helps avoid device failure due to stiction by
preventing direct contact between the metallic electrodes. The elastic force in the
deformed organic layer in the on-state also provides the restoring force necessary to
overcome adhesive forces to turn off the device. Thus, through this approach the two
main challenges associated with NEM switches, that is high actuation voltage and
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stiction-induced failure, are addressed. The switching mechanism, however, is depen-
dent strongly on the mechanical properties of the organic layer. Therefore, depending
on the application, optimization of device parameters is desired. The feasibility of
the proposed switching concept is investigated theoretically in this thesis, following
which efforts towards fabricating such devices to provide an experimental proof of
concept are presented.
Organic thin-fil Applied Voltage
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Figure 1-7: Schematic representation of a two-terminal squitch switching mechanism. An
applied electrostatic force compresses the nanoscale organic film, reducing the tunneling
gap and causing an exponential increase in the tunneling current.
1.5 Thesis outline
In Chapter 2, two- and three-terminal squitches are investigated through theoretical
modeling to identify the device performance limits based on which the required de-
vice parameters to allow sub-1 V operation are determined. Chapter 3 provides an
overview of fabricating metal-organic-metal junctions for squitch applications with
an emphasis on the bottom metal contact, and formation and characterization of
the organic active layer. Various methods investigated to fabricate the top electrode
including thermal evaporation, transfer printing and graphene assembly are then dis-
cussed in Chapters 4, 5 and 6 respectively along with the relevant experimental results
and challenges faced. Chapter 7 focuses on lateral cantilever-based tunneling NEM
devices. Lastly, Chapter 8 summarizes the thesis, providing conclusions and recom-
mendations for future work.
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Chapter 2
Theoretical analysis of squitch
performance
In this chapter, the feasibility of electromechanical modulation of tunneling current
through an organic thin film for switching applications is investigated theoretically.
First, two-terminal devices are explored based on which simulated performance limits
are determined in the simplest device structure. The analysis is then extended to an
example three-terminal squitch to demonstrate its performance capabilities. Upon
confirming the feasibility of the proposed switching mechanism theoretically, the re-
mainder of the thesis focuses on the various methods of fabricating these devices.
2.1 Two-terminal devices
The squitch switching mechanism relies on eletromechanical modulation of electrical
conduction through a nanometer-thick organic film sandwiched between conductive
contacts. Thus, the electrical and mechanical properties of the organic layer play
a significant role in determining the device performance. The compressible organic
material is desired to be electrically insulating. As well, the organic layer should be
selected such that its nanoscale thickness can be reproducibly formed. A promising set
of materials for this purpose are self-assembled monolayers (SAMs) that are composed
of molecules chemically functionalized to have high affinity towards the electrodes'
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surfaces, making the formation of a uniform nanometer-thick layer feasible. Among
widely studied metal-molecule-metal junctions are those based on thiolated SAMs
in particular alkanethiols and dithiols that specifically form on gold (Au) surfaces.
Previous studies have confirmed the main conduction mechanism in alkanethiols to be
direct tunneling when the material is placed between two Au electrodes [32, 33, 34].
Alkanethiols with a large energy gap of about 8-10 eV between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO)
[35, 36, 37] possess good insulating properties as that required for the material used
in the squitch design. Thus, to theoretically investigate the performance limits of the
squitch, it is assumed that the organic layer has electrical properties resembling those
of alkanedithiols with direct tunneling being the dominant conduction mechanism
while the desired mechanical properties to optimize device performance are studied.
The electrical conduction through direct tunneling can be described using the
Simmons model [38, 39, 32, 33, 34] given by
= (4rG2 {($ - ()exp[ 2(2) 2 a(0 - )1/ 2 G] (2.1)
-($+ I)exp[- 2(22a( + )1/2G]
where A is the area of the metallic contact, m and q are the electron mass and
charge respectively, G is the distance between the two electrodes (tunneling width),
V is the applied voltage, # is the tunneling barrier height of the organic layer, a is
an adjustable parameter that accounts for the effects of barrier shape and electron
effective mass.
The values of # and a for thiolated alkanes can be experimentally determined.
Different values have been reported in the literature, the difference accounted for by
the different methods used to fabricate the metal-molecule-metal junctions and the
measurement techniques utilized. The values of # and a, for a molecular junction
fabricated through nanotransfer-printing of the top electrode, have been reported to
saturate towards 3.5 eV and 0.57 respectively as a function of increasing molecular
length [32]. These values are used in Equation 2.1 to study the current-voltage char-
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Figure 2-1: Tunneling current-voltage characteristics of a two-terminal squitch based on
the Simmons model with a = 0.57 and 0 = 3.5 eV. (a) The tunneling current as a function
of the applied voltage at different tunneling widths (G). (b) The exponential dependence of
the tunneling current on the tunneling width with Vapplied = 0.1 V.
acteristic as a function of the tunneling width of a metal-molecule-metal junction as
shown in Figure 2-la. The corresponding plot of tunneling current as a function of
tunneling width at a given voltage of 0.1 V shown in Figure 2-1b illustrates the ex-
ponential dependence of tunneling current on the tunneling width. This exponential
dependence is the main principle on which the squitch mechanism relies.
A requirement for the squitch is to exhibit a large on-off ratio with the off-state
current being negligible to avoid unnecessary power consumption. According to Fig-
ure 2-1, a change in the electrode-electrode distance (tunneling width) of 50% from 4
nm to 2 nm leads to about 10' change in conduction, defining a very abrupt switching
behavior. Therefore, for the remainder of the analysis, it will be assumed that an
ideal squitch will be composed of a 4 nm-thick organic layer in the off-state, tran-
sitioning to the on-state tunneling gap of 2 nm with an induced electrostatic force,
(Figure 2-2). The device is considered to have lateral dimensions of 100 nm x 100
nm with Au electrodes of thickness 50 nm.
To analyze the performance of a two-terminal squitch, understanding the details
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Figure 2-2: Schematic representation of an ideal two-terminal device with a 4 nm source-
drain gap in the off-state transitioning to a 2 nm tunneling gap as the device is switched
on. The device has lateral dimensions of 100 nm x 100 nm with source electrode being 50
nm thick.
of the switching mechanism is necessary. An applied electrostatic force will provide
the compressive force needed to modulate the thickness of the organic layer. The force
of gravity due to the mass of the top electrode also contributes to the compression
of the organic material. However, the mass of a 100 nm x 100 nm x 50 nm Au
electrode used in the ideal squitch design is -10 fg, negligible in causing any significant
change in the tunneling width, thus, will be ignored in this analysis. Due to the
nanometer dimension of the switching gap, however, Casimir and van der Waals
forces should be considered as potential attractive forces between the two electrodes,
causing compression of the organic layer. Based on the theoretical and experimental
works reported in the literature, it is expected that the Casimir force will be dominant
at gaps larger than about 10% of the metallic plate plasma wavelength, while van der
Waals forces are responsible for attractive forces at gaps smaller than this threshold
[23]. Considering the plasma wavelength of Au to be 155 nm [23], at the switching
gap of less than 4 nm in the squitch devices, it is expected that the van der Waals
forces will account for the attractive surface forces.
The compressive electrostatic (Feiectrostatic) and van der Waals forces (Fedw), are
opposed by the organic layer's elastic force (Fe astic) during the device operation.
For the organic layer to compress, the cumulative electrostatic and van der Waals
forces need to overcome the elastic force. The forces involved throughout the squitch
operation are shown in Figure 2-3. The dynamic equation of the motion for the two-
terminal squitch is given by F(z) = m4y = Feiectrostatic + Fedw - Feiastic which can
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be expressed as
d2z ErEOAV 2  AHA
m = +--z 22dt 2  2(Go - z) 2  67r(Go - z) 3
where Go is the distance between the electrodes in the off-state, z is the reduction in
the tunneling distance as the molecular layer is compressed, A is the device area, g is
the acceleration due to gravity, co is the permittivity of free space, Er is the dielectric
constant of the insulating organic layer, k is the spring constant that is related to the
Young's modulus (Y) of the material by k = A, and AH is the Hamaker constant.
This analysis assumes that the molecular layer's equilibrium position is equal to the
resting off-state gap of G, = 4 nm. The relative permittivity of the organic material
used in squitches is considered to be 2.1 that is within the range of the values reported
for alkanedithiols [35, 40]. The Hamaker constant is considered equal to 3 x 10-19
J [23, 41], the approximate value reported in the literature for Au-alkanethiol-Au
junctions. In this study, it is assumed that the dielectric constant and the relative
permittivity of the organic layer remain constant as the material is compressed. This
is considered a valid assumption since it is believed that material engineering would
allow changes in the dielectric constant and spring constant to be such that further
improvements in device performance are achieved, making this assumption a good
baseline to determine the squitch performance limits. For example, materials can be
engineered so that when compressed they become more conductive through means
such as overlap of the molecular orbitals.
When the squitch is off (organic layer resting position), the elastic force provided
by the organic material should be sufficient to balance the van der Waals force to avoid
reduction in the tunneling gap in absence of an electrical field. As well, when the
device is turned on to a 2 nm tunneling gap, upon removal of the electrostatic force the
spring restoring force in the deformed organic layer should be sufficient to overcome
the van der Waals force for the top electrode to recover back to its original position.
This is needed to prevent stiction-induced failure and allow repeatable operation.
To achieve Fascti > Fdw in absence of an applied voltage, with electrode-electrode
distance of 2 nm, an organic film with Young's modulus of at least 4 MPa is required.
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Figure 2-3: Forces involved in the operation of a two-terminal squitch. In the off-state, the
compressive van der Waals (Fedw) force is balanced by the organic layer's elastic restoring
force (Felastic). An applied electrostatic force (Felectrostatic) combined with Fedw overcome
Fetastic to displace the top electrode, turning on the device.
2.1.1 Actuation voltage and switching energy
With an applied voltage, an electrostatic force is created which combined with the van
der Waals force will compress the organic layer. Once reaching the pull-in gap, the
compressive forces will overcome the elastic force with the top electrode accelerating
rapidly towards the opposing electrode. It is assumed that the molecule is engineered
such that it can only undergo a maximum 50% compression leading to an on-state gap
of 2 nm. The actuation voltage in the squitch design is considered to be approximately
equal to the pull-in voltage. To estimate the pull-in voltage as a function of Young's
modulus of the organic layer, the dynamic equation of motion at equilibrium given
by Fvdw + Felectrostatic Felastic is numerically solved. The plot of actuation voltage
as a function of Young's modulus is shown in Figure 2-4. The results illustrate
that a reduction in the Young's modulus allows lowering the operating voltage. As
mentioned previously, a modulus of at least 4 MPa is required to allow the device to
switch off for repeatable operation. At this Young's modulus, the device actuates at
a voltage of about 0.64 V. An objective of the proposed tunneling NEM switch is to
allow operation in the sub-1 V regime. Based on Figure 2-4, a Young's modulus of
<6.3 MPa is needed to allow operation at voltages less than 1 V. The actuation voltage
can be further reduced through use of an organic layer with Young's modulus less
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Figure 2-4: (a)Actuation voltage as a function of Young's modulus for the two-terminal
squitch. (b) Sub-1 V operation is achieved for Y < 6.3 MPa.
than 4 MPa, if devices are actively prompted to turn off using an opposite electric
force applied by a third electrode. Alternatively, through chemical synthesis, the
molecules constituting the organic layer can be engineered with a nonlinear response
such that once compressed they would allow spontaneous recovery to the off-state
that is more thermodynamically stable.
The switching energy is approximated by E CV 2 + kz 2 , with the first term
reflecting the energy stored in the capacitive metal-organic-metal structure, and the
second term taking into account the energy stored in the compressed organic film.
It should be noted that the energy terms have 1CV 2 and 1kz 2 associated with the
stored energy and ICV 2 and kz 2 associated with the energy lost during the storage
process. In this approximation, C is the capacitance of the tunneling junction in the
on-state, V is the actuation voltage, k is the organic film's spring constant and z is the
relative change in the organic layer's thickness due to compression. It is assumed that
the energy expended per switching cycle is not directed towards promoting further
switching cycles. In the two-terminal squitch considered here, the switching energy
is evaluated to be 0.5 keV.
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2.1.2 Switching time
The device application is dominated in part by the switching speed. The switching
time for a squitch is the total time taken for the device to switch on and off. The time
required for the squitch to turn on (t..) is determined by the time it takes for the
organic-based tunneling junction to transition from 4 nm to 2 nm upon application of
the required actuation voltage. On the other hand, the time taken for the device to
switch off (toff) is determined by the relaxation speed of the compressed organic film
back to its original resting position. To determine t,,,, the dynamic equation of motion
(Equation 2.2) which describes the compression mechanism is solved using MATLAB
built-in ordinary differential equation (ODE) solver. In solving this equation, at each
Young's modulus considered, the actuation voltage necessary is calculated as per the
approach suggested in the previous section and is used within equation 2.2 to solve
for the time needed to turn on the device. The initial conditions are considered to be
z(t = 0) = 0 nm and d (t = 0) = 0 nm/s, with z being the displacement of the top
electrode from its resting off-state position.
The time taken for the squitch to turn off is evaluated by solving the force balance
equation describing the top electrode relaxation to the original switching gap given
by equation 2.3. This differential equation is solved using MATLAB considering that
the initial conditions are given by z(t = 0) = 2 nm and d (t = 0) = 0 nm/s where
t = 0 s in this case is when the top electrode is displaced to a 2 nm tunneling gap.
d2z AH A
m = -- kz (2.3)dt 2  67(Go - z) 3
Squitch transition to the off-state resembles an oscillatory behavior that is damped
over time. The time taken for the device to switch off is then approximated by
1 the oscillation period. That is, the time taken for the top electrode to displace4
from a compressed state with the tunneling gap of 2 nm to the tunneling gap of 4
nm. Following the approach presented here, the switching time for the ideal squitch
considered with a 4 MPa active organic layer is evaluated to be 9.2 ns.
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2.1.3 Device performance analysis
The simulated device performance parameters for the squitch of Figure 2-2 evaluated
following the procedure outlined in the previous sections are summarized as a function
of Young's modulus in Table 2.1. The two-terminal device studied here illustrates the
feasibility of squitch design to allow sub-1 V operation, with low switching energy
and nanoseconds switching time. As is observed through the results presented in
Table 2.1, there exists a clear trade-off between the switching time and actuation
voltage. With the goal of minimizing the actuation voltage, the use of lower Young's
modulus material is necessary. However, a softer organic layer will lead to a slower
switching time which is not desired for high-frequency digital logic applications but is
still suitable for ultra-low power electronics. As a result, the organic layer's properties
should be optimized to satisfy the needs for the required application.
Table 2.1: Simulated performance parameters for the two-terminal squitch shown in
Figure 2-2.
Y(MPa) Vactuation (V) Eswitching(keV) Ton(ns) Toff(ns) Tsitching (ns)
4 0.64 0.50 3.7 5.5 9.2
10 1.5 1.9 2.0 1.2 3.2
100 5.0 21 0.60 0.31 0.91
1000 16 210 0.20 0.010 0.21
2.2 Three-terminal devices
The concept of two-terminal squitch can be extended to a three-terminal design in
which a gate electrode is included to allow independent modulation of source-drain
tunneling current. An example three-terminal squitch is shown in Figure 2-5. Such
a device which more closely resembles the conventional field-effect transistors (FET)
makes implementation of devices into integrated circuits feasible. In this scheme,
application of a gate voltage provides the electrostatic force required to compress the
organic thin-film sandwiched between the source and drain electrodes. Similar to the
two-terminal ideal squitch, it is assumed that the initial source-drain switching gap
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Figure 2-5: A three terminal squitch where an applied gate-source voltage (VGS) compresses
the organic layer modulating the drain current (ID) through adjusting the drain-source
tunneling gaps.
is 4 nm and is reduced to 2 nm as the squitch is turned off. The off-state source-gate
gap is however selected to be 6 nm such that once compressed to a gap of 4 nm as the
device is switched on, no significant tunneling is allowed, hence, maintaining near-
zero gate leakage. The lateral dimensions of drain, gate, and source Au electrodes are
selected to be 40 x 150 nm, 300 x 150 nm and 400 x 150 nm, respectively. These
dimensions are selected to achieve a relatively optimized device performance.
In the design of the three-terminal squitch shown in Figure 2-5, the source resem-
bles a suspended beam with simply supported ends that can undergo deflection, with
the maximum deflection (4 max) at the center of profile given by 6max = 5FL3 where35-_ 4Y1
F is the applied force, L, W, and H are the length, width and the thickness of the
clamped beam respectively, Y is the Young's modulus and I is the moment of inertia
(I = -WH 3 ) [42]. In the on-state, 4 nm source-gate gap, this deflection should not
be sufficient to induce pull-in or change the tunneling gap enough to cause significant
leakage current. A thicker beam is stiffer, undergoing less deflection, however would
be heavier leading to a slower switching time as it takes longer for the device to turn
off. Thus, it is desired to incorporate the thinnest source electrode in the squitch de-
sign while still minimizing the beam's deflection. Evaluating the expected maximum
deflection as a function of the thickness of a 400 nm x 150 nm source electrode at
an applied voltage of 1 V shows that a 70 nm-thick source is suitable for the squitch
design as its maximum 0.17 nm deflection in the on-state is negligible. In this regards,
the analysis is simplified by assuming the top electrode to be flat with insignificant
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Figure 2-6: Forces involved in the operation of a three-terminal squitch. In the off-state the
attractive van der Waals forces (FVdw) are balanced by the organic layers' elastic restoring
forces (Feiastic). An applied electrostatic force (Feiectrostatic) initiates the switching.
deflection during the operation.
Analyzing the forces involved in the switching process, as shown in Figure 2-6
leads to the dynamic equation of motion describing the switching mechanism given
by
d2 z EroeOAVDS AH-oA Er-aCOAVGS AH-aA
mn = 2[ + - kz] + + (2.4)
dt2 2(GDS - z) 2  67r(GDS - Z)3 2(GGS - z) 2  67r(GGS - z) 3
where GDS and GGS are the gaps between the drain-source and gate-source respec-
tively, z is the extent of the organic film's compression, g is the acceleration due to
gravity, co is the permittivity of free space, Ero and Cr-a are the dielectric constants
of the organic layer and air respectively, k is the spring constant, VDS and VGS are the
applied drain-source and gate-source voltages, and AH- and AH-a are the Hamakar
constants for Au-organic-Au and Au-air-Au structures that are both considered to be
equal to 3 x 10-19 J [23, 41]. As with the two-terminal devices, it is assumed that
the molecular layer's equilibrium position is equal to the device resting off-state gap
of GDS. The switching process in the three-terminal squitch being considered here
is investigated utilizing Equation 2.4 to determine the actuation voltage, switching
energy and switching time which is discussed in the following section.
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2.2.1 Simulated device parameters: actuation voltage, switch-
ing energy and switching time
To allow repeatable operation of the three-terminal squitch, the organic layer should
be stiff enough such that when compressed to the on-state, the deformed organic
film will have sufficient restoring force to turn-off the device by displacing the source
electrode to the off-state position as the applied voltage is removed. This is achieved
for Young's modulus greater than 6 MPa. Considering the need to minimize the
actuation voltage, a Young's modulus of 6 MPa will be considered in the design of
the three-terminal squitch. In this design, the gate-source voltage is expected to
provide the compressive force to change the drain-source gap from 4 nm to 2 nm
to allow an exponential increase in the drain current, the fundamental principle of
squitch mechanism. As in the case of the two-terminal device, the actuation voltage
is considered equivalent to the pull-in voltage, the voltage at which the compressive
electrostatic and van der Waals forces overcome the elastic restoring force imposed
by the organic film. Assuming that the gate-source (VGs) and drain-source (VDs)
voltages are the same, the actuation voltage is approximated through solving the
equation given by 2 Feectrostatici + 2 FvdwI + Felectrostatic2 + Fvdw2 - 2 Felastici = 0 where
1 and 2 in the subscripts refer to the forces between source-drain and source-gate
respectively. Through solving this equation, the actuation voltage is evaluated to be
0.54 V. The corresponding switching energy considering the cumulative energy stored
in the capacitor structures and the deformed organic layers is approximated to be 0.68
keV.
The switching time is determined as the sum of the time taken to turn on and off
the device. The time required to turn on the switch is the time needed for the source-
drain tunneling gaps to undergo a change from 4 nm to 2 nm. Solving the nonlinear
dynamic equation (Equation 2.4) with initial conditions defined as z(t = 0) = 0 nm
and d, = 0 nm/s yields to,, = 8 ns. Substituting VGS = VDS = 0 V in Equation 2.4dt
leads to the equation describing the process of switching off the device. Solving this
differential equation evaluates toff = 9 ns, leading to an overall switching time of 17
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ns. The simulated device parameters confirm the possibility of sub-1 V, low energy
and ns switching operation.
The current-voltage characteristics of the ideal three-terminal squitch with an ac-
tuation voltage of 0.54 V is simulated and shown in Figure 2-7. The curve includes
three sections corresponding to the three main components of the switching mecha-
nism. In section I, as VGS increases to 0.54 V, while maintaining VDS=0.5 4 V, the
tunneling gap decreases leading to an exponential increase in ID. With an applied
VGS of 0.54 V, pull-in gap is reached, at which point the source electrode rapidly
accelerates towards the opposing electrodes until the organic film is compressed to
source-drain tunneling gap of 2 nm. This corresponds to the rapid rise in ID depicted
by section II of the curve. Beyond this point, increase in VGS does not lead to further
reduction in the tunneling gap as the material is engineered to only undergo a maxi-
mum of 50% compression, thus ID remains constant in section III. Upon removal of
the applied VGS, the restoring force in the deformed organic active layer will move
the top electrode to the resting position such that the tunneling gap increases to 4
nm and the switch turns off.
2.3 Summary
Theoretical analysis of two- and three-terminal squitches demonstrates feasibility of
developing sub-1 V, energy efficient devices with reasonable switching time in the
nanoseconds range using electromechanical modulation of tunneling current through
organic-thin films. The presence of organic thin-film facilitates formation of few
nanometer-thick switching gaps contributing to minimization of the operating voltage.
Furthermore, the organic layer prevents direct contact between the device components
while providing the restoring force necessary to turn off the switch, hence helps to
mitigate device failure due to stiction. Device operation is dependent on the organic
layer's Young's modulus with a lower modulus leading to a lower operating voltage
while exhibiting a slower switching action. Thus, depending on the desired application
device parameters need to be optimized. The analysis in this section presents devices
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Figure 2-7: Drain current (ID) as a function of gate-source voltage (VGS) in the three-
terminal ideal squitch. An applied VGS reduces the tunneling gap resulting in an exponential
increase in ID (I). After reaching the pull-in voltage (0.54 V), an abrupt increase in ID is
observed as the tunneling gap rapidly changes to 2 nm (II). Beyond this point, ID remains
constant as the molecular layer does not compress any further (III).
in the most fundamental form. Alterations in the device structure and chemical
composition of the organic material have a potential to lead to further improvements
in the performance.
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Chapter 3
Organic tunneling junctions for
vertically actuated devices
Oganic-based tunneling junctions have been investigated for years, with a great em-
phasis on applications in single-molecule electronics, organic electronics, and the study
of charge transport and conduction mechanism in organic materials. These tunneling
junctions are composed of organic thin-films sandwiched between conductive contacts
as shown in Figure 3-1. Similar metal-organic-metal structures with a compressible
nanoscale-thick organic layer form the main component of the squitch design. These
capacitive structures provide a platform for electrostatically-induced compression of
the organic layers to modulate the tunneling width. Considering the nanometer di-
mension of the tunneling gaps and the fragility of the organic molecules, fabrication
and characterization of organic tunneling junctions are challenging. A successful
working tunneling structure requires careful fabrication of each of the constituting
components: bottom electrode, organic thin-film, and the top electrode. Efforts to-
wards fabrication of metal-organic-metal junctions for vertically actuated squitches
are summarized in this chapter. An alternative approach based on laterally actuated
devices are discussed in Chapter 7.
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Figure 3-1: General structure of an organic-based tunneling junction composed of a
nanometer-thick organic layer sandwiched between two electrodes.
3.1 Bottom electrode
The bottom electrode is commonly deposited through thermal evaporation of a metal-
lic thin film such as gold (Au) or silver (Ag) on clean silicon or glass substrates. De-
pending on the dimensions required, patterning of the electrodes is achieved through
use of shadow masks, or a photo- or electron beam- lithography step followed by
lift-off if smaller dimensions are necessary. Considering the nanoscale switching gaps
involved in the design, the topography and surface roughness of the bottom elec-
trode play a significant role in successful device operation. Figure 3-2 illustrates an
atomic force microscope (AFM) image of a 100 nm-thick Au layer evaporated on a
glass substrate at an approximate rate of 0.5 A/s. In this structure, 10 nm of evap-
orated chromium (Cr) is used on the glass prior to Au deposition to assist with the
Au adhesion to the substrate. Based on the AFM studies of the surface topogra-
phy, the evaporated Au has an average surface roughness of ~2 nm with maximum
peak-to-valley roughness of ~4 nm. The 2 nm average roughness is not expected to
pose critical adverse effects on squitch operation considering the conformal coating
of the organic layer onto the bottom electrode. However, in an ideal device with a 4
nm switching gap, to allow for repeatable and reliable operation, a bottom electrode
with a smoother surface is required. Further reduction in the surface roughness can
be achieved through use of single or polycrystalline substrates such as Si or mica,
on to which the metallic layer is deposited [43]. In particular, the metal surface in
immediate contact to the substrate will be of sub-nm roughness. Template stripping
will allow exposing this surface for growth of the organic layer through the use of a
support structure to peel the metal film off the substrate [43]. Alternatively, Si wafers
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Figure 3-2: AFM image of a 100 nm thick Au layer thermally evaporated over a 10 nm Cr
film onto a glass substrate forming the bottom electrode of the device (left) with maximum
peak-to-valley roughness of about 4 nm (right).
or graphene sheets that exhibit atomically flat surfaces serve as suitable candidates
to form the bottom electrode.
3.2 Nanometer-thick organic layer
The theoretical analysis of devices discussed in Chapter 2 illustrates the need for a
lower Young's modulus material to reduce the actuation voltage. With the objective
of sub-1 V operation, the use of organic layers with a Young's modulus lower than 4
MPa is desired. In general, the Young's modulus of an organic layer is affected by the
chemical composition of the molecules and their packing density determined by their
relative arrangement. These concepts are utilized to engineer compressible organic
films. Depending on the material type, different methods can be utilized to form the
organic thin-films among which self-assembly, spin-casting and thermal evaporation
have been focused on.
3.2.1 Self-assembly of organic layer
Molecular junctions based on self-assembled monolayers (SAMs) have been exten-
sively investigated since they form organic layers with nanoscale precision. The
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Figure 3-3: Schematic representation of a self-assembled monolayer of decane-dithiol onto
a Au surface.
molecules involved in the self-assembly process possess within their structure func-
tional groups with high affinity for the surface, and hence allow spontaneous adsorp-
tion onto the surface to form a monolayer. Different functional groups exist that each
allow specific binding to a particular metal, metal-oxide or semiconductor. Among
the different types of SAMs, those based on thiolated alkane molecules have been
most widely studied due to the high affinity of thiols for the surfaces of gold, silver,
palladium, platinum and mercury [43]. These molecules will form into an ordered
crystalline structure such as that shown in Figure 3-3 for the case of decane-dithiol
(C10 H2 2S2 ) [43]. SAMs of alcohols (ROH) and silanes (RSiX 3 , with X = Cl, OCH3,
OC 2 H5 ) are also of interest as they allow specific assembly on SiO 2 /Si or Si surfaces
but through a process not as optimum and selective as that of thiol-bond formation
[44].
The well-studied and reproducible self-assembly of thiolated molecules on Au sur-
faces make this approach suitable to form the nanoscale-thick organic films required
in the squitch tunneling junction. To prevent conduction in the off-state the squitch
material should be insulating similar to alkanethiols. However, unlike alkanethiols
which possess Young's moduli in the GPa range [45], the organic material used must
have a lower Young's modulus to allow minimizing the operating voltage. A low
Young's modulus layer can be formed through self-assembly of molecules that are
soft in nature due to their chemical composition, and/or that assemble into a layer
with low packing density with void space. Poly(ethylene glycol)-dithiol (PEGdithiol),
with molecular formula HS(C 2 H4 0)nC2 H 4 SH where n is the number of monomer re-
peat units, is identified as a suitable candidate material to grow the organic film
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Figure 3-4: Schematic representation of a self-assembled monolayer of PEG-dithiol onto a
Au surface expected to form a randomly arranged layer with low packing density.
in the squitches. Typically, PEG-dithiol with an average molecular weight (M.) of
1000 g/mol, n ~ 22 repeat units, is used in squitch fabrication. The longer length
of this polymer causes the individual polymer chains to not assemble into an ordered
crystalline monolayer such as that shown in Figure 3-3. It is expected for each in-
dividual chain to fold onto itself forming a randomly arranged monolayer with low
packing density similar to that illustrated in Figure 3-4, hence leading to a more
easily compressible organic thin-film. It should be noted that the terminal group in
thiolated PEG are selected depending on the method used to form the top electrode.
A thiol (SH) terminal group will facilitate formation of a Au top electrode while an
amine (NH 3 ) group will be more suited for electrostatic assembly of a graphene top
electrode. The details of these methods will be discussed in the future chapters.
3.2.2 Deposition of organic layers with low packing density
Another approach to fabricating the organic thin-films used in the squitches is de-
position, through thermal evaporation or spin-casting, of molecules that due to their
chemical structure allow for large change in vertical thickness if compressed and that
have a potential to assemble into loosely packed layers. Examples of such molecules
are triptycene (or triptycene derivatives) and 1,5-dibenzocyclooctatetraene (dibenzo-
COT), the structures of which are shown in Figure 3-5. Thin films of triptycene and
triptycene derivatives are formed through either evaporation or spin-casting depend-
ing on the particular material considered while spin-casting is the primary approach
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Figure 3-5: Molecular structures of 1,5-dibenzocyclooctatetraene and triptycene.
to forming thin-films of dibenzoCOT.
DibenzoCOT also serves as an example material that reveals the impact specific
engineering of materials offers on improving squitch performance beyond the theoret-
ical limits established in Chapter 2. Figure 3-6 shows an ideal switching mechanism
for a two-terminal squitch based on dibenzoCOT. An applied electrostatic force will
compress the organic-film causing the molecules to transition from a boat-like to flat
state reducing the tunneling width. However, the conformational change into a flat-
tened state is expected to allow overlap of 7r orbitals between adjacent molecules
allowing improved conduction through the organic layer, and reducing the tunneling
barrier. A combination of the effects induced throughout the switching mechanism
will lead to a sharper switching behavior than that possible through just modulating
the tunneling gap.
Through experimental study of devices utilizing dibenzoCOT, triptycene and its
derivatives, challenges with the deposition techniques have been exposed. Spin-
coating of these small molecules leads to the formation of nonuniform films with
considerable surface roughness. Through this approach the fabrication of nanometer-
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Figure 3-6: Switching mechanism of a two-terminal squitch based on dibenzocyclooc-
tatetraene. The molecules with boat-like structures are flattened as they are compressed
throughout the switching process.
thick layers that are necessary for an ideal low-voltage squitch is not easily feasible.
Evaporation is also not an ideal approach for the formation of thin-films that are sub-5
nm in thickness as controlled growth of continuous film at this scale is not practical.
To this end, self-assembly has been pursued as the main approach to forming the
organic thin-film in the squitches. The following section outlines the self-assembly
process and methods used to characterize the assembled layers, using PEG-dithiol as
an example material.
3.2.3 Process of forming self-assembled layers
To form a self-assembled layer of PEG-dithiol, first the bottom electrodes with the
desired patterns as per the process explained in Section 3.1 are formed. A solution
of PEG-dithiol in anhydrous ethanol with a concentration in the range of 5-20 mM is
prepared in a nitrogen glovebox environment. The bottom substrate with the Au elec-
trodes freshly evaporated is then immersed in the solution of PEG-dithiol for 24-48
hours. Upon completion of the self-assembly, the substrate is taken out of the solution
of PEG-dithiol and rinsed with ethanol such that the molecules not chemically ad-
sorbed to the surface are washed away. The substrate treated with the organic film is
now ready to receive the top electrode. Similar processes can be implemented for the
self-assembly of other molecules, however, the type of solvent used and the incuba-
tion temperature may change depending on the specific molecule. Prior to deposition
of the top contact, it is critical to confirm formation of PEG-dithiol layer through
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the self-assembly process which is not readily obvious as no noticeable change in the
surface appearance is observed. Thus, characterization techniques including surface
imaging and spectroscopy methods are utilized, the results of which are discussed in
the following section.
3.2.4 Characterization of self-assembled layer
Atomic force microscopy
Atomic force microscopy (AFM) which helps to acquire information about surface
topography and morphology of a sample is a useful technique to study SAM-treated
surfaces. Comparing AFM scans of a Au surface with that of Au treated with SAM
reveals information about assembly of the organic layer. Figure 3-7 shows an AFM
image of a Au surface and a Au surface after self-assembly of PEG-dithiol layer
illustrating differences in their morphology with the Au surface showing more defined
grain boundaries. Both surfaces have similar surface roughness, with the root-mean-
square roughness being -1.2 nm suggesting uniform and conformal formation of the
PEG-dithiol layer onto the Au film.
Au PEG-dithiol
14 nmn 14 nm
400tim 400nm
0.011m 0.0 1m
Figure 3-7: AFM image of a Au surface (left), and a Au surface after self-asembly of
PEG-dithiol (right).
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Attenuated total reflectance Fourier transform infrared spectroscopy
Fourier transform infrared spectroscopy (FTIR) is a material analysis technique in
which information about the chemical bonds and functional groups within the mate-
rial is obtained through measuring the absorption of infrared radiation by the sample.
The attenuated total reflectance (ATR) mode of FTIR is most suited for study of self-
assembled monolayers as it does not require a specific sample preparation procedure.
In this method, the IR beam is directed through a high refractive index crystal on
top of which the surface of sample being studied is placed in immediate contact to the
crystal. The beam undergoes total internal reflection at the sample-crystal interface
forming an evanescent wave which penetrates through the sample. Depending on the
material structure, some of the radiation is absorbed. Monitoring the absorption of
IR radiation provides information about the functional group in the material as each
exhibit characteristic frequency of vibration.
Figure 3-8 shows the normalized FTIR spectra of a Au surface and a Au treated
with PEG-dithiol. The spectrum of self-assembled PEG-dithiol has a peak at ~1125
cm- 1 which is characteristic of C-O stretching of the ether functional groups in the
PEG-dithiol molecules. The absence of this peak in the Au spectrum confirms suc-
cessful formation of the self-assembled PEG-dithiol layer on the Au surface.
X-ray photoelectron spectroscopy
The formation of self-assembled monolayers can also be investigated using x-ray pho-
toelectron spectroscopy (XPS) which provides information about the elemental com-
position of the surface being analyzed with high precision through measuring the
binding energy of the photoelectrons formed through the measurement process. The
x-ray photoelectron spectra of self-assembled PEG-dithiol showing the peaks char-
acteristic of carbon (C) Is, oxygen (0) Is, and sulfur (S) 2p are included in Figure
3-9 and compared to the XPS of untreated bare Au as a control. The PEG-dithiol
spectrum exhibits a C is peak at 286.5 eV, shifted to a higher energy compared to
the peak at 285 eV due to surface hydrocarbon contaminates on bare Au, in agree-
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Figure 3-8: The FTIR spectra of Au (blue) and self-assembled monolayer of PEG-dithiol
on Au (red) showing the stretching of C-O bond in the ether functional groups of the
PEG-dithiol molecules.
ment with the results reported in the literature [46]. Two peaks are observed in the
PEG-dithiol spectrum in the 0 Is region. The major peak located at -533 eV is
associated with the oxygen in the polyethyelene structure while the smaller peak at
-531 eV may be attributed to presence of cabon contaminants [46, 47]. The peak at
533 in the Au spectrum is believed to be caused by surface physisorbed water [46].
The double peak present in the spectrum of PEG-dithiol in the S 2p region (161-165
eV) is charachteristic of the sulfur adsorbed onto a Au surface. The relative intensity
and position of the double peaks have been shown in the literature to correlate with
the surface coverage, with a better coverage shifting the peaks to a higher energy
closer to 164 eV [47]. To this end, having the S peaks at around 164 eV suggests
a relative complete surface coverage of PEG-dithiol within the measurement area.
However, information about the packing of the molecules is not revealed. It should
be noted that the bare Au spectrum also suggests the presence of some sulfur which is
perhaps due to surface contaminants adsorbing onto the surface. In general, the scare
presence of sulfur atoms in the sample, 2 atoms per polymer chain, makes detection
of S in PEG-dithiol difficult as the noise-to-signal ratio becomes more significant.
Integration of the curve associated with each element provides a measure of the con-
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Figure 3-9: XPS spectra for carbon is (a), oxygen is (b) and sulfur 2p (c) regions of bare
Au and PEG-dithiol self-assembled on Au.
centration of that element. Such analysis reveals the monolayer to be composed of
3.6% sulfur, which is higher than the 2.8% expected based on the chemical structure
of the PEG-dithiol with 22 repeat units. The discrepancy may be accounted for by
the presence of sulfur-containing surface contaminants. Overall, XPS results confirm
formation of PEG-dithiol layer on a Au surface through self-assembly.
Quartz crystal microbalance
A quartz crystal microbalance consists of a quartz crystal resonator, the frequency of
which changes in response to addition or removal of mass with a very high sensitivity.
This technique is an effective approach to monitoring formation of molecular layers
through self-assembly. To confirm formation of self-assembled PEG-dithiol layer on
Au surface using this technique, a 20 mM solution of PEG-dithiol in isopropanol is
formed. The frequency response of a Au-coated quartz crystal is then monitored
as the PEG-dithiol solution flows over the surface of the crystal. As the molecules
begin adhering onto the surface of the crystal a frequency change is observed. Figure
3-10 shows the frequency response of a Au-coated quartz crystal to the growth of a
PEG-dithiol layer. First, isopropanol is directed over the crystal surface to establish
a baseline (region I). The PEG-dithiol solution is then replaced by the isopropanol
(region II). Presence of PEG-dithiol results in an immediate decrease in the frequency
response of the crystal. After 30 min the solution is replaced with isoporpanol (region
III). At this point the frequency of the crystal increases as the molecules are no longer
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Figure 3-10: Frequency response of a Au-coated quartz crystal to self-assembly of PEG-
dithiol. The change in frequency response of the crystal between regions I and V confirms
formation of PEG-dithiol layer onto the crystal surface.
present and those not chemically adsorbed are being washed away. However, there is
a net change in frequency of the crystal comparing the initial and final states. This
cycle is repeated a second time corresponding to regions IV and V on the plot. An
overall frequency change of -25 Hz observed confirms self-assembly of PEG-dithiol
over the Au surface as the change in frequency is related to the addition of mass onto
the crystal surface due to the formation of PEG film.
Summary of the characterization results
The characterization methods discussed confirm formation of PEG-dithiol layer onto
the Au bottom electrodes. However, insufficient information is acquired through these
methods regarding the surface coverage and packing density of the layer. This plays
an important role in defining the mechanical properties of the layer, as well as allowing
successful formation of the tunneling junction. As it will be discussed further in the
future chapters, nonuniform formation of SAMs over large areas are speculated to
be one of the main causes of low device yield due to formation of electrical shorts.
Current work is focusing on developing methods of improving surface converage over
the entire device area while concurrenly minimizing device dimensions to increase
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probability of continuous surface coverage.
3.3 Top electrode
Fabrication of the top electrode is the most challenging and limiting step in forming
the tunneling junction in squitches as there is a high possibility to damage the organic
thin-film throughout the process leading to device failure. Different approaches have
been explored to form the top electrode including thermal evaporation, nanotransfer
printing, and assembly of graphene sheets. The details of each process, advantages
and disadvantages of each and experimental results are discussed in Chapters 4-6.
3.4 Summary
The main component of the squitch is the tunneling junction composed of an or-
ganic thin-film sandwiched between two electrodes. In the devices based on vertically
actuated switching gaps the bottom electrode is formed through thermal evapora-
tion of a metal thin film patterned using shadow masking, or lithography and lift-off
processes. For an ideal switch with gaps smaller than 4 nm bottom electrodes with
sub-nanometer roughness are desired, hence, alternative approaches to forming the
bottom electrode such as template stripped Au, silicon or graphene substrates should
be considered. The organic active layer in squitch devices can be formed through
thermal evaporation or self-assembly with the latter being a more effective technique.
Various characterization techniques including AFM, XRD, ATR-FTIR, and QCM
confirm formation of the organic thin-film on the bottom electrodes through self-
assembly. However, surface coverage and packing density of the monolayers must be
further studied. The tunneling junction is completed by placing the top electrode.
Various techniques have been developed for fabrication of the top electrode which
are introduced in the future chapters. The techniques that are developed can also
be extended to three-terminal vertically actuated devices prior to which two-terminal
devices are used as a simpler platform to optimize the fabrication processes.
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Chapter 4
Two-terminal devices based on
evaporated top electrode
One approach to fabricate the top electrode of the tunneling junction in a squitch is
the thermal evaporation of a thin-film of a noble metal on the organic layer. According
to work reported in the literature, evaporated top electrodes have been among the first
techniques utilized in an effort to form molecular junctions. However, this technique
has been shown to exhibit low device yield and reproducibility due to the damage
imposed onto the organic film and filamentary formation of metal structures through
the organic layer upon the evaporation process [35, 48]. To overcome this challenge,
various methods have been explored which involve optimization of the evaporation
conditions including evaporation rate and substrate temperature, device structure,
and the use of protective thin layers prior to metal evaporation [35, 49, 33]. Despite
the fabrication challenges expected, the lack of complex multiple steps makes thermal
evaporation of the top electrode an appealing first approach to fabricate two-terminal
squitches.
4.1 Fabrication process flow
To fabricate a two-terminal device based on thermally evaporated top electrode, first
the bottom electrodes are formed. These contacts can be formed in a planar or
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Figure 4-1: Schematic representation of planar (left) and cavity-based (right) bottom elec-
trodes for two-terminal squitches.
cavity structure, examples of which are shown in Figure 4-1. The planar bottom
electrodes are fabricated through thermal evaporation of Cr/Au (typically 10/100
nm), while using shadow masking, or lithography and lift-off steps to acquire the
desired patterns. In the cavity structure, upon evaporation of the Cr/Au layer, a thin
layer of SiO 2 is deposited using chemical vapor deposition (CVD). Next, standard
photolithography steps followed by wet-etching of oxide leads to the formation of
circular cavities exposing the underlying Au surface. The SiO 2 cavities are used to
prevent the edges of the bottom electrode from being involved in the main device
structure as they may cause shorting. The SiO 2 also serves as a structural support
facilitating measurements of electromechanical response of the organic layer as will
be discussed further in section 4.3.
Following formation of the bottom electrode, the organic-thin film is formed either
through evaporation or self-assembly. The evaporation is carried out at a rate of -0.2
A/s under a pressure of <10-5 torr. The self-assembly is achieved by immersing the
bottom substrates in a 5-20 mM solution of the desired molecules with ethanol (or
isopropanol) as the solvent in a nitrogen-filled glovebox, at room temperature, for
24 hours. The treated substrates are then removed and rinsed with ethanol (or
isopropanol) to wash away the molecules that are not chemically adsorbed to the Au
surface.
60
substrate
Bottom electrode is fabricated.
substrate
Organic thin-film is thermally
evaporated.
4I
substrate
Top electrode is thermally
evaporated.
substrate
Organic thin-film is
self-assembled.
bstrate
Top electrode is thermally
evaporated.
Figure 4-2: Fabrication process for a two-terminal squitch with evaporated top electrode.
The sample is then transferred in ambient conditions to an evaporator where 80-
100 nm of Au is deposited on top of the organic film at a rate of 0.2 A/s while utilizing
shadow masks to obtain the desired pattern. The fabrication scheme is summarized
in Figure 4-2.
4.2 Fabrication challenges
Through many fabrication runs, it is deduced that thermal evaporation of the top
electrode leads to very low device yield with most devices undergoing electrical short-
ing, especially in the case of self-assembled organic films. Through the evaporation
process, the high kinetic energy of evaporated metal atoms is expected to cause some
to penetrate into the organic thin-film during the deposition process. Considering the
nanoscale thickness and the low packing density of the organic layer, it is possible
that the metal particles penetrate through the layer forming filaments that reach to
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the opposing electrode causing device shorting. Furthermore, considering the thermal
sensitivity of organic materials, it is likely for the organic layer to be damaged due to
the high temperatures involved in the evaporation process. These effects also lead to
low reproducibility and reliability of the working devices that are fabricated through
this approach.
To address this issue, following the results reported by Akkerman et al. [35], use
of a protective buffer layer prior to evaporation of the top electrode is explored. In
this method, upon formation of the organic layer, a thin-film of a conductive organic
material such as PEDOT:PSS' or spiro-TPD2 is applied with PEDOT:PSS being
spin-coated and spiro-TPD thermally evaporated. It is expected for these materials
to more conformally coat the organic active layer while protecting it through the
evaporation process. Experimental results confirm the advantage of the buffer layer in
improving device yield. However, the increase is not sufficient to allow for reproducible
fabrication of enough devices to extensively study the device characteristics. Thus,
further improvements in this technique are still needed.
4.3 Analysis of electromechanical response using
optical interferometry
The switching mechanism in a squitch relies on electromechanical modulation of the
tunneling gap that is defined by an organic thin-film. Thus, to confirm squitch opera-
tion and optimize its performance, studying the electromechanical response of organic
thin-films is of great importance. Such measurements can be acquired using an opti-
cal interferometer, the fundamental operating principle of which is shown in Figure
4-3.
In this technique, a beam of light from either a white light or laser source de-
pending on the interferometer mode used is splitted such that it follows two different
optical paths, one directed towards the sample being studied and one towards a refer-
'Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
2N,N'-Bis(3-methylphenyl)-N,N'-diphenyl-9,9-spirobifluorene-2,7-diamine
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Figure 4-3: Schematic representation of the operating principle of an optical interferometer.
ence mirror. Then, the beams reflected off the surfaces of the sample and the mirror
are recombined. The recombination of the beams leads to formation of an interference
pattern in the form of fringes which is characteristic of the differences in the optical
paths traveled by the beams. Analysis of the detected interference pattern provides
information about surface topography with a very high resolution.The interferometer
can operate in two modes, phase-shifting and vertical-scanning interferometry. The
phase-shifting (PSI) mode uses a monochromatic source and is capable of measuring
surface features with sub-nm resolution. The vertical-scanning (VSI) mode utilizes
white light and is capable of analyzing rougher surfaces but has a lower resolution.
To characterize the electromechanical response of the fabricated two-terminal de-
vices, an optical interferometer (Wyko NT9100) is used in either the PSI or VSI mode
depending on the sample being studied. The optical interferometer measurements of
the surface topography as a function of applied voltage are acquired, based on which
the displacement of the top electrode in response to the induced electrostatic force
is determined. In order to detect and quantify the displacement, the sample surface
must contain a feature which remains stationary and stable within the voltage range
applied, with reference to which movement of the top electrode is monitored. Such a
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reference is achieved through use of a cavity structure as that shown in Figure 4-1.
The SiO 2 spacer provides a step feature, the thickness of which is measured at differ-
ent applied voltages using the optical interferometer. The section of the top electrode
placed on SiO 2 does not undergo any movement in response to the applied voltage
serving as a reference to observe displacement of the top electrode over the active
organic layer which corresponds to the compression of the organic film.
An example two-terminal squitch characterized using the optical interferometer is
shown in Figure 4-4a. This device, which has a cavity structure, comprises a Cr/Ag
bottom electrode, self-assembled PEG-dithiol organic active layer, spin-coated PE-
DOT:PSS buffer layer and evaporated Ag top electrode. Figure 4-4b shows the cor-
responding analysis of the electromechanical response of this device. Based on the
results, it is observed that an applied 1 V results in an approximate 20 nm displace-
ment of the top electrode on the organic layer. This displacement can be attributed
to the compression of the PEG-dithiol and/or PEDOT:PSS layer. However, PE-
DOT:PSS is conductive while PEG-dithiol is more insulating. Thus, it is expected
for the electric field to have most effect across the PEG-dithiol layer, hence the com-
pression observed is believed to be mainly due to that of the PEG layer. Based on the
measurement results, the Young's modulus of the PEG-dithiol layer is estimated to be
on the order of -1 MPa, modulus sufficiently low for sub-i V squitch operation. The
results presented are preliminary confirmation of the electromechanical modulation
of a switching gap formed by an organic thin-film. However, there are multiple points
that need to be addressed and optimized.
Firstly, the electromechanical modulation of the thin-film should be studied over
a larger number of cycles to provide conclusive and repeatable results. However, such
measurements are challenging mainly due to the low device yield and reproducibility
caused by the evaporated top electrode as discussed previously. Furthermore, the
interferometry is largely affected by external vibrations making reproducible mea-
surements of the nanoscale displacements difficult. The current-voltage character-
istics associated with the device of Figure 4-4a is shown in Figure 4-5. To extract
useful information to be able to confirm details of electromechanical modulation of
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Figure 4-4: (a) A two terminal squitch based on evaporated Cr/Ag bottom electrode, self-
assembled PEG-dithiol active layer, spin-coated PEDOT:PSS buffer layer and evaporated
Ag top electrode. (b) The corresponding electromechanical response of the device acquired
using optical interferometer.
organic films, such current-voltage measurements should be made simultaneous with
the optical interferometer measurements. Thus, improvements in fabrication process,
measurement technique and data analysis are needed to allow for a more reproducible
means of exploring electromechanical properties of various organic materials to iden-
tify those leading to optimum squitch performance.
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Figure 4-5: Current-voltage characteristics of the two-terminal
4-4a with active device area of 2 mm2
squitch shown in Figure
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4.4 Summary
In summary, direct thermal evaporation of the top electrode onto the organic layer
leads to a very low yield of operational devices due to the formation of electrical shorts.
Damage to the organic layer through the evaporation process and formation of metal
filaments that penetrate through the organic film are considered the main causes of
the low yield. Use of a conductive organic buffer layer on top of the organic film prior
to top electrode deposition contributes to protecting the active layer, reducing the
possibility of shorting. Optical interferometry study of such devices have provided
preliminary confirmation of the electromechanical modulation of organic thin-films.
However, improvements in fabrication technique, measurement approach and data
analysis are required to achieve more reliable and reproducible devices based on which
a comprehensive study of the electromechanical response of various organic thin-films
can be executed.
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Chapter 5
Two-terminal devices based on
nanotransfer printed top electrode
As discussed in Chapter 4, direct evaporation of the metallic top electrode results
in a low device yield due to the formation of electrical shorts. To fabricate more
reliable devices, nanotransfer printing (nTP) of the top electrode appears to be an
appealing alternative to evaporation. This technique relies on the use of a transfer pad
to transfer a thin film of metal which covers the surface of the pad onto a receiving
substrate [50, 32, 51]. The transfer pad is brought into intimate contact with the
surface of the receiving substrate that has a higher affinity for the metal film thus,
facilitates its transfer.
Nanotransfer printing offers several advantages in fabricating tunneling junctions.
First, this technique is an additive process performed at room temperature which
will circumvent the possibility of damaging or shorting through the organic layer
[50, 32]. Since it transfers a metal thin film in bulk, it prevents formation of metal
filaments through the organic film. As well, use of a self-assembled layer with ex-
posed thiol functional groups which are expected to form chemical bonds with the
transferred metal leads to a better defined metal-molecule-metal junction [52]. Lastly,
nanotransfer printing allows large area processing which is advantageous for scaling
device fabrication. Thus, this technique appears to be a promising approach to fab-
ricate the tunneling junctions required for squitches. In particular it has been used
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for devices based on self-assembled monolayers of thiolated molecules. The details of
the fabrication process, experimental results and observations are discussed in this
chapter.
5.1 Fabrication process flow
The transfer process used for fabricating the top electrode in the two-terminal squitches
has been developed based on the technique reported by Murarka et al. [51] with slight
modifications to optimize the procedure for formation of molecular junctions. The
fabrication process is illustrated in Figure 5-1. The process begins by fabricating the
transfer pad from polydimethylsiloxane (PDMS, Sylgard 184) with raised surface fea-
tures associated with areas where the metal film is to be transferred. The transfer pad
is formed using an SU-8 mold created through standard photolithography techniques
and silanized to prevent PDMS adhesion to the mold by altering surface properties.
The PDMS base and curing agent are mixed in a 10:1 ratio, poured into the silanized
SU-8 mold, cured and peeled from the mold.
The PDMS pad is then transferred to an evaporator where 20 nm of Al is thermally
evaporated on the surface. The nanoscale thickness of the evaporated metal and the
steep sidewalls of the raised features lead to an evaporated film which is discontinuous
along the edges of each feature. The Al layer is then exposed to 02 plasma for 5 s.
A 90 nm thin layer of N,N'-bis(3-methylphenyl)-N,N'-bis(phenyl)-benzidine (TPD) is
evaporated on the A12 0 3 surface to serve as a release layer facilitating the transfer
process. It should be noted that the Al layer is used to prevent TPD diffusion into
the PDMS transfer pad. Lastly, a 100 nm thick Au layer is thermally evaporated on
top of the TPD layer completing the transfer pad fabrication.
To transfer the Au film to complete the fabrication of a two-terminal device, first
the bottom electrode treated with organic layer should be prepared. For devices made
through transfer printing of the top electrode, mainly planar Au bottom electrodes
on glass substrates are used. The active organic thin-film is formed through self-
assembly of thiolated molecules in particular PEG-dithiol following procedures out-
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PDMS transfer pad is prepared
using an SU-8 mold.
20 nm of Al is evaporated onto
the PDMS transfer pad and
exposed to 02 plasma for 5s.
90 nm of TPD is evaporated
onto the Al203 layer.
100 nm of Au is evaporated
onto the TPD layer.
Receiving substrate
Receiving substrate is prepared
with evaporated bottom
electrodes and self-assembled
active organic layers. Substrate
is brought into contact with the
transfer pad.
Applied pressure
Isopropanol The receiving substrate is placed on
top of the transfer pad with features
aligned. While applying a pressure
to form intimate contact, isopropanol
is used to dissolve the TPD layer.
Completed two-terminal
squitches
The substrate with the top
electrodes transferred is
removed from the surface of the
PDMS pad.
Cross-sectional view
Figure 5-1: Fabrication process for two-terminal squitches with nanotranfer printing of the
top electrodes.
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lined in Chapter 3. Once the organic film is formed inside a nitrogen-filled glovebox,
the substrate is rinsed with isopropanol to wash away excess physisorbed molecules
and transferred outside the glovebox where the transfer process is executed.
The transfer process begins by placing the bottom receiving substrate faced down
onto the surface of the PDMS transfer pad with features aligned as desired to be
transferred. Then a pressure of about 7 kPa is applied to promote an intimate and
conformal contact between the substrate and the pad. At this point, -10 pL of
isopropanol is applied to the edge of the substrate which is directed into the contacting
interface between the pad and the substrate through capillary action. The isopropanol
dissolves TPD around the edges of the raised features, leading to the release of the Au
film. The substrate is then removed with the Au top electrodes transferred forming
a two-terminal squitch.
5.2 Fabrication results
The two-terminal squitches based on transferred top electrodes comprise self-assembled
active organic layer of thiolated molecules with thiol groups at either ends. The thiol
end groups of the organic layer are expected to facilitate the transfer process by
providing a surface with higher affinity to receive the Au layer. The cross-sectional
scanning electron microscope (SEM) image of a two terminal squitch fabricated with
evaporated Cr/Au bottom electrode, self-assembled PEG-dithiol and transferred Au
top electrode is shown in Figure 5-2.
Figure 5-2 illustrates the successful formation of a metal-organic-metal junction,
however, it also reveals the presence of undesired surface roughness that must be
addressed to further improve the transfer process. The SEM image of the top surface
of the transferred Au in Figure 5-3f shows the buckled morphology of this film. To
explore the cause of this buckling the surface topography of the transfer pad during
each step of the process has been investigated using atomic force microscopy (Figure 5-
3). It is observed that the surface of the PDMS transfer pad is relatively smooth with
root-mean-square (RMS) roughness of about 2 nm. It is through the evaporation
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Figure 5-2: Cross-sectional SEM image of a two-terminal squitch with evaporated Cr/Au
bottom electrode, self-assembled PEG-dithiol organic layer and transfer printed Au top
electrode.
process that the buckled morphology is formed causing an increase in the surface
roughness. The buckling effect is dependent on the stress in the deposited thin film
which can be affected by the evaporation temperature, thickness of the film and
the PDMS surface properties [53]. Since the surface roughness observed in Au is
not inherent to the PDMS pad as AFM studies show, it is speculated that the high
temperatures involved in the thermal evaporation process cause changes in the surface
property of the PDMS which, combined with the stress in the evaporated thin film,
leads to the buckled morphology. Use of more rigid and thermally stable transfer
pads should assist to mitigate this problem. However, a more rigid pad is expected to
make the transfer more difficult as conformal contact to the receiving substrate will
not be achieved.
Another challenge faced during the transfer process arises due to the use of solvents
to etch the TPD layer to promote release of the Au film. The solvent-based transfer
leaves behind TPD residues along the periphery of the devices. The presence of
solvents may also lead to some residual TPD being trapped within the tunneling
gap which may alter the expected device performance. Figure 5-4a shows an optical
image of transferred Au electrodes onto a bottom electrode treated with PEG-dithiol.
The corresponding fluorescent image emphasizing presence of TPD (bright regions) is
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Figure 5-3: AFM images of the top surface of the transfer pad during the consecutive steps
of the fabrication process showing buckling of the evaporated films: a) PDMS transfer
pad as fabricated, b) evaporated 20 nm of Al, c) Al surface after 5 s exposure to 02
plasma, d) evaporated 90 nm of TPD, e) evaporated 100 nm of Au, including the color
scale corresponding to the topography of all the AFM images. f) A top view SEM image of
a two-terminal squitch showing the buckled morphology of the transferred top electrode.
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Figure 5-4: a) Optical image of Au electrodes transferred onto a receiving substrate with
PEG-dithiol treated Au bottom electrode. b) Corresponding fluorescent image emphasizing
presence of TPD residues (bright regions) after completion of the transfer process.
shown in Figure 5-4b. Based on these images, after completion of the transfer, TPD
layers remain mainly on top surface of the transferred Au. Since TPD is insulating, it
makes electrically probing the top electrode inefficient. As well, some TPD residues
are observed on the bottom substrate surrounding the devices. To address this issue,
ongoing efforts are directed towards developing a solvent-free transfer process with
release layer that can be removed through other means such as thermal sublimation.
Alternatively, techniques that eliminate the need for a release layer are ideal.
5.3 Summary
Compared to the evaporation of the top electrode, nanotransfer printing appears to
be a more promising approach in forming the tunneling junctions in the squitches as
it does not induce damage to the organic layer or filament formation through the thin-
film. However, the transfer process developed possesses some limitations. Through
this process the transferred Au thin-films are buckled forming an uneven surface that
is not desired. Also the release process involves dissolution of an organic release layer
that results in accumulation of undesired residues on the substrate and perhaps in the
switching gap. Thus, for a more effective fabrication of metal-organic-metal structures
further improvements in the transfer process are desired. Current research efforts are
directed towards developing alternative processes to reduce the surface roughness of
transferred metallic films as well as achieving a solvent-free transfer.
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Chapter 6
Two-terminal devices based on
graphene top electrode
The outstanding structural, mechanical and electrical properties of a graphene sheet
comprising a two-dimensional layer of sp 2 -bonded hexagonal carbon atoms, make
it an attractive candidate to form the top contact of the tunneling junctions in
squitches. The lack of a bandgap gives graphene metallic properties making it a suit-
able electrode material while its atomically flat surface is ideal for making squitches
with nanoscale switching gaps. Furthermore, with a high modulus of ~1 TPa [54],
graphene provides a rigid structure which will outperform more flexible Au films in
compressing the organic thin-film during the switching process.
Mechanical exfoliation and chemical vapor deposition are some common tech-
niques used for the formation of graphene sheets [55, 56]. However to allow for large
scale synthesis and engineering of the properties, chemically mediated solution-based
formation of graphene sheets has been explored in recent years [57, 58, 59]. The
techniques developed have also shown the feasibility of chemical functionalization of
graphene sheets with various molecular species. Two approaches utilizing solution
processed graphane layers have been implemented in forming the top electrode in
the squitches. In one scheme, solution processed graphene (or graphene oxide) sheets
chemically functionalized with molecules that form the organic active layer in the
device are self-assembled as an ensemble onto the bottom electrode. The second
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approach involves electrostatic assembly of charged graphene flakes onto oppositely
charged organic layer self-assembled onto the bottom electrode. The details of each
technique are discussed in this chapter.
6.1 Self-assembly of graphene electrode
In this approach solution processed graphene (or graphene oxide) flakes are chemically
functionalized with molecules that are required to form the organic thin-film in the
tunneling junction. The molecules are chemically bonded to graphene at one end, and
are selected to have a thiol functional group at the free end allowing the functionalized
graphene sheet to self-assemble onto the surface of Au bottom electrodes. A schematic
representation of the functionalized graphene sheet is shown in Figure 6-1. This
technique is advantageous in that it allows simultaneous assembly of both the organic
layer and the top electrode. It is completed at room temperature, and thus does not
cause damage to the organic layer as is observed with the thermal evaporation of
the top electrode. It also provides an atomically flat surface unlike the transferred
Au. Furthermore, this method facilitates engineering the Young's modulus of the
organic layer. Through chemical synthesis the density of the molecules constituting
the organic layer can be reduced such that the layer is formed with high percentage
of void space allowing it to compress to a larger extent. Since both the organic layer
and top electrode are assembled simultaneously, the low density of the organic layer
does not increase the possibility of device failure. In the case of thermal evaporation
a loosely packed organic film would lead to formation of electrical shorts while in
the transfer printing sufficient adhesive forces would not be provided to promote the
transfer process.
6.1.1 Fabrication process flow
Graphene monolayers are optically transparent and due to their atomic thickness
are fragile making it difficult to electrically probe the graphene top electrodes during
device testing and characterization. To prevent damaging the electrode and avoid the
76
Thiolated molecules
to form the organic
layer in a squitch
switching gap
-- graphene
Figure 6-1: Schematic representation of a graphene sheet functionalized with thiolated
molecules to allow simultaneous formation of the organic layer and the top electrode in the
device.
need to make contact to the top electrode, the two-terminal devices based on graphene
are structured such that a graphene sheet bridges across two bottom electrodes, as
shown in Figure 6-2. The graphene serves as a floating electrode while a voltage is
applied between the two bottom electrodes. The induced electric field causes the
graphene to be attracted towards the substrate compressing the organic film and
increasing the current flowing from bottom electrode through the organic layer to
the top graphene and back to the second bottom electrode. The electrodes must be
fabricated with gaps in the order of a few 100 nm such that the graphene sheets can
bridge across them.
The bottom electrodes are patterned using electron beam lithography. In this
approach a silicon substrate with 2 [tm thick thermally grown SiO2 is used. A 300
nm layer of polymethylmethacrylate (PMMA 950 A4), e-beam positive resist, is spin-
coated onto the Si substrate and baked at 180"C for 90 s. The desired design is then
patterned onto the resist using an e-beam. The resist is developed in a 1:2 solution of
methyl isobutyl ketone (MIBK) in isopropanol. A 10 nm thick Cr followed by 90 nm
Au is evaporated onto the substrate. The substrate is placed in acetone to induce the
lift-off process following which the patterned bottom electrodes remain. The design of
the bottom electrode and an SEM image of an example structure patterned is shown
in Figure 6-3.
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Applied Voltage
Substrate Substrate
Figure 6-2: A two-terminal squitch with a graphene top electrode bridging two bottom
contacts. An applied voltage between the bottom electrodes induces an electric field which
attracts the top electrode compressing the organic film.
The process of forming the graphene sheets involves chemical oxidation of graphite
to graphite oxide which is hydrophilic in nature and thus disperses better in water.
The graphite oxide is then exofoliated by ultrasonication in water to yield graphene
oxide sheets which are chemically functionalized with thiolated molecules that are to
form the organic layer in squitch devices based on the procedure reported by Sydlik et
al. [59]. Chemical reduction of graphene oxide allows graphene oxide transitioning to
graphene with restored electrical properties. The synthesized functionalized graphene
flakes, with an average size of 2 am, are dispersed in deionized (DI) water with a
concentration of 1 mg/ml and sonicated for 30 min following which the solution is
filtered to remove graphene aggregates. The Au bottom electrodes are then immersed
in the solution of dispersed functionalized graphene for 2 hours. The substrate is
removed from graphene solution, rinsed with DI water and dried under nitrogen.
Figure 6-4 summarizes the fabrication process.
6.1.2 Results and fabrication challenges
Following the procedure outlined above the self-assembly of chemically functional-
ized graphene sheets on Au surfaces has been confirmed. However, it is observed
that through this process aggregates of graphene are formed and assembled onto the
bottom substrate. The AFM image in Figure 6-5 shows a self-assembled chemically
modified graphene onto bottom electrode revealing the need for further modifica-
tion in the technique to avoid formation of aggregates and ripples. This aggregation
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Figure 6-3: The design of the bottom electrodes for graphene two-terminal squitches (top)
and an SEM image of corresponding Cr/Au (10 nm/90 nm) electrodes fabricated using
e-beam lithography and lift-off.
may be due to the combined effect of disulfide bonds formation or van der Waals
interactions between graphene sheets. This may be mitigated to some extent if the
fabrication process is solely performed in a nitrogen environment since disulfide bond
formation is promoted in air. As well, changes in the chemical environment, such as
the adjustment of the pH, may alleviate aggregation by inducing a surface charge on
the flakes. The repulsion between similarly charged graphene sheets will prevent their
adhesion. To this end, an alternative method of assembling graphene has been de-
veloped based on electrostatic forces, the details of which is provided in the following
section.
6.2 Electrostatic assembly of graphene electrode
This approach relies on opposite surface charges on the graphene sheets and the self-
assembled monolayers to promote the uniform assembly of graphene while preventing
formation of aggregates. In this approach, carboxylic acid functionalized graphene
flakes are synthesized and dispersed in DI water with 0.5 mg/ml concentration. The
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Figure 6-4: Fabrication process for a two-terminal device based on self-assembled function-
alized graphene (or graphene oxide) top electrode.
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Figure 6-5: Self-assembly of graphene flakes functionalized with thiolated molecules onto
Au bottom electrode showing problems with aggregation and rippling of the sheets.
graphene dispersion is then filtered to remove any aggregates. Using hydrogen chlo-
ride, the pH of solution is adjusted to 6, above the pKa of carboxylic acid. Thus,
at this pH the carboxylic acid will become deprotonated causing the graphene sheets
to acquire a negative charge with the zeta potential measured to be about -20 mV.
To allow electrostatic assembly, the self-assembled monolayer forming the organic
thin-film should be able to acquire a positive surface charge. A suitable class of can-
didates are thiolated molecules with amine terminal groups which at pH of below
about 8 are protonated and positively charged. The self-assembled layer is formed
by immersing the bottom electrode into a 10 mM solution of amine-functionalized
thiolated molecules in ethanol for 24 hours inside a nitrogen glovebox. Upon com-
pletion of the self-assembly, the substrate is removed from the solution, rinsed with
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ethanol to wash away the physisorbed molecules and immersed in clean ethanol with
a pH of 5.5. In this state, the SAM will be positively charged as the surface amine
groups are protonated. The substrate is then placed in a pH 6 solution of graphene at
which point the negatively charged graphene is expected to assemble onto the posi-
tively charged SAM. Through this processes the repulsion between negatively charged
graphene sheets is expected to prevent the formation of aggregates. The fabrication
process is schematically illustrated in Figure 6-6. This process is an ongoing area of
research and further experimentation is required to optimize the system.
6.3 Challenges with device characterization
In addition to optimizing the fabrication process, new measurement techniques must
be developed to characterize graphene-based devices. Graphene monolayers are atom-
ically thin and optically transparent which makes device characterization and mea-
surement challenging. The optical interferometer technique discussed in Chapter 4
requires a reflective surface to provide meaningful measurements. Thus, to confirm
the electromechanical response of graphene devices alternative measurement tech-
niques are needed. An approach based on simultaneous use of AFM and Raman
spectroscopy is being explored. While using the Raman system to image the graphene
sheets, AFM will be used to study the surface topography as a function of applied
voltage to quantify the electromechanical response of these devices.
6.4 Summary
Two-dimensional graphene sheets are promising candidates to form the tunneling
junctions in squitch devices due to their atomically flat surfaces, ideal electrical
properties and mechanical rigidity. Two approaches have been developed to form
graphene-based devices. The first relies on self-assembly of graphene sheets chemically
functionalized with the molecules to form the active organic layer. The feasibility of
this technique has been demonstrated. However, aggregation and rippling of graphene
81
Cr/Au
Substrate
Substrate
L 4
Substrate
- - -=--- Graphene
Substrate
4_
4usrae
Bottom electrodes are fabricated
using e-beam lithography followed
by evaporation of Cr/Au and lift-off.
Amino-functionalized thiolated
molecules are self-assembled on
bottom electrodes.
Substrate is rinsed and immersed
in ethanol (pH 5.5) acquiring a
positive charge.
Substrate is immersed in solution
of carboxylic acid functionalized
graphene in water. The pH is
adjusted to 6 so that graphene
flakes are negatively charged.
Substrate with electrostatically
assembled graphene is removed
from solution completing the
two-terminal device structure.
Figure 6-6: Fabrication process for a two-terminal device based on electrostatic assembly
of graphene sheets onto oppositely charged SAM layers.
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flakes have been observed. To overcome this challenge, an alternative scheme using
electrostatic assembly has been developed. Through this method which is an ongoing
area of research, opposite surface charges on graphene and organic layer are used to
promote uniform graphene assembly while preventing aggregate formation. Further-
more, alternative measurement techniques to study the electromechanical response of
graphene devices should be developed.
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Chapter 7
Cantilever-based lateral devices
Previous chapters focused on different methods of fabricating two-terminal squitches
based on vertically actuated switching gaps. In this chapter an alternative design al-
lowing lateral device actuation is introduced. In a three-terminal scheme, this design
relies on a cantilever laterally actuated using a gate electrode towards an oppos-
ing drain electrode as shown in Figure 7-1. The switching gap between the cantilever
(source) and drain is filled with an organic thin-film. Actuation of the cantilever com-
presses the film, adjusting the tunneling width through which the tunneling current
is controlled. This technique is advantageous in that it allows simultaneous fabrica-
tion of the opposing electrodes involved in the tunneling junction within the same
processing step and with higher reproducibility compared to the vertically actuated
devices. The details of the fabrication process will be discussed in this chapter.
Applied V
OFF ON
Figure 7-1: Switching mechanism in a cantilever-based three-terminal lateral squitch. Ap-
plication of a gate-source voltage (VGS) deflects the catilever compressing the organic film
and exponentially increasing the drain current (ID).
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7.1 Fabrication process flow
To allow operation at low actuation voltages, the width of the switching gap must be
minimized to an ideal gap of 4 nm. To allow for precise fabrication on the nanoscale,
electron beam lithography is utilized. The fabrication process is summarized in Figure
7-2.
First, a thin film of PMMA, positive e-beam resist, is spin-coated onto the surface
of a Si substrate with 2 pum thick thermal oxide, and is baked. The desired design
is then patterned onto the resist using an e-beam set up. In this fabrication process
it is desired for the PMMA regions defining the three device electrodes to remain
intact upon developing the resist. Considering that PMMA is a positive resist, areas
surrounding the device components must be exposed with an electron beam. The
resist is developed using 1:2 dilution of MIBK to isopropanol leaving behind PMMA
features defining the device components. The developed resist is rinsed in isopropanol,
dried under nitrogen and transferred to an evaporator where 100 nm thick Au layer
is thermally evaporated over the entire substrate. The features defining the device
components possess steep sidewalls which cause discontinuity in the evaporated film so
that the raised elements are electrically isolated from the remainder of the substrate,
a requirement for a functional device. To ensure Au does not cover the sidewalls
inducing electrical shorts, a resist profile such as that shown in Figure 7-3 with an
undercut is ideal. To achieve this structure, the resist film has been formed using
spin-casting of multiple layers of PMMA with two different molecular weights. The
development rate is dependent on the molecular weight with the lower molecular
weight having a higher dissolution rate forming an undercut [60]. A 1.5 ptm thick resist
with three layers of PMMA of molecular weight 495 kg/mol (PMMA 495 A6) and
two layers of PMMA of molecular weight 950 kg/mol (PMMA 950 A4) is commonly
used providing an adequate undercut avoiding Au sidewall coverage as depicted in
the SEM image of Figure 7-3.
After thermal evaporation of Au, the source (cantilever), drain and gate electrodes
are complete. At this point the structure is exposed to 30 s of 02 plasma to etch away
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spin-coated onto Si/SiO 2 substrate
and baked after each spin at 1800C
for 90s.
Resist is patterned using e-beam
with areas forming the device
components not exposed.
Resist is developed in 1:2 solution
of MIBK in isopropanol.
100 nm of Au is evaporated onto
the resist.
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Self-assembled monolayer is formed
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process.
Figure 7-2: Fabrication process for a cantilever-based three-terminal lateral squitch.
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Figure 7-3: A resist profile with an undercut desired to prevent sidewall coverage during
Au evaporation to avoid electrical shorting between device electrodes (left). Multilayer
PMMA resist with three layers of lower molecular weight PMMA (495 kg/mol) followed by
two layers of higher molecular weight (950 kg/mol) helps achieve the undercut structure
(right).
the PMMA. Since the PMMA structures are protected by the Au surface, the PMMA
is only etched near the edges of the Au layer. The thinner width of the cantilever
structure compared to the other features ensures the cantilever is released upon com-
pletion of the etch process. It should be noted that the device is also operational
without the release of the cantilever. The high aspect ratios of the PMMA features
as well as their polymeric nature will allow actuation of the cantilever even without
PMMA etching. However, with the PMMA being present the device operation will
be at higher voltages. Thus, to allow for low voltage operation release of the PMMA
is desired. An example of a fabricated three-terminal cantilever device is shown in
Figure 7-4. The switching gap in this device is larger than that desired for a squitch.
In an optimum device, the device parameters including the size of the switching gap
and cantilever dimensions should be optimized as will be discussed in Section 7.2.
The last step is formation of the organic thin-film within the switching gap be-
tween the source and the drain. This is achieved through use of self-assembled layers
of thiolated molecules either through a solution-based or vapor phase process. In
the first approach, the device is immersed in a solution of the desired molecule for
24 hours upon which a self-assembled monolayer will form on Au surfaces. Consid-
ering the small nanoscale switching gap, working in a liquid environment poses the
possibility of capillary forces causing cantilver adhesion to the opposing electrode. If
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Figure 7-4: An SEM image of a cantilever-based device that is used as a platform to
fabricate three-terminal squitches.
stiction occurs prior to SAM formation this will lead to device failure through electri-
cal shorting. However, after formation of the layer, the organic film will prevent direct
contact between the source and the drain even in the case of the cantilever collaps-
ing. This will indeed be advantageous since a complete bridging of the source-drain
gap by the organic molecular layer is ensured. An alternative approach to growing
the self-assembled layer is through vapor phase deposition which does not impose
the stiction problem faced through the solution-processed scheme. However, only
shorter molecules can be self-assembled in vapor phase, with lengths not sufficient
to completely bridge the switching gap. In such a case, layer by layer deposition of
molecular films are desired to allow complete coverage of the gap. It should be noted
that even if the switching gap is not completely filled with the organic material, the
shorter vapor phase self-assembled monolayers can be used as anti-stiction coatings
while still allowing switching mechanism through tunneling as direct contact between
opposing electrodes is avoided. The deposition of the organic film is the subject of
ongoing research and further experimentation is required to confirm and optimize this
process.
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7.2 Optimization of device structure
To allow device operation at a lower actuation voltage, the switching gap should be
minimized and the cantilever should be fabricated such that it is more easily deflected.
A longer and thinner cantilever has a higher tendency to deflect allowing lower voltage
actuation. However, with a decrease in the switching gap and cantilever stiffness,
the probably of device failure due to stiction enhances especially considering the high
aspect ratio of the features involved as 1.5 tm-thick PMMA support structure is used.
Thus, while reducing the switching gap and cantilever stiffness, care should be taken
to maintain device stability. The effect of change in cantilever width and switching
gap has been explored and shown through the SEM images in Figure 7-5. Based on
the images provided, it is observed that device failure is affected by a combination
of both the cantilever width and the size of the switching gap. In general, a thinner
cantilever is more likely to collapse with a higher probably of failure for devices which
have a smaller switching gap. Overall, based on this study cantilevers with widths
beyond approximately 150 nm with switching gaps as small as about 50 nm appear
to be structurally stable.
The effect of cantilever length has also been investigated on the robustness of the
fabricated device. An increase in cantilever length increases the possibility of device
failure due to stiction as the van der Waals forces between the opposing electrodes
increase with increase in surface area while concurrently the longer cantilever is less
structurally rigid. Based on the SEM images provided in Figure 7-6 for lengths greater
than approximately 5 Mm stiction occurs. However, it is expected that reducing the
PMMA thickness can facilitate the formation of longer length cantilevers. Thus,
further optimization of device structures and dimensions are needed.
Another challenge associated with the proposed technique is the rough Au surface
upon evaporation onto PMMA as evident in Figure 7-4. As the gap size reduces, the
surface roughness makes it difficult to develop a well defined tunneling junction with
rough surface features causing local effects in electrical conduction due to concentrated
electrical fields and uneven tunneling gaps. To avoid surface roughness, future work
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should focus on alterations in the evaporation process or the material used for the
support structures. Additionally, alternative materials such as Si may replace Au
cantilevers but to allow formation of self-assembled layers thiol chemistry should be
replaced with that allowing selective assembly onto Si surfaces.
7.3 Current-voltage characteristics
To develop a reliable platform to create squitches and investigate their performance,
the successful device operation prior to introduction of the organic layer to the source-
drain gap should be validated. An example current-voltage characteristic of a can-
tilever device fabricated using the approach introduced in this chapter is shown in
Figure 7-7 along with the SEM image of the corresponding device showing an off-
state gap of -20 nm. The plot shows the change in drain current (ID) as a function
of drain-source voltage (VDs), with gate-source voltage (VGs) of 0 V. The device
exhibits a pull-in voltage of about 3.9 V at which point a rapid rise in ID is observed
corresponding to the source coming into contact with the drain electrode. The con-
duction in the sub-pull-in region can be attributed to tunneling especially considering
the rough Au surface potentially causing points at which the switching gap is within
the tunneling distance of the opposing electrode. However, further studies are re-
quired to confirm this effect. In general, the current-voltage characteristic shows a
two-terminal switch behavior which requires further optimization to enhance the de-
vice performance. It should be noted that in this device the cantilever has not been
released. Thus, it is expected for the actuation voltage to be lowered upon release
of the cantilever. The device however does not demonstrate repeatable switching
capability due to permanent adhesion of the catilever to the opposing electrode once
in contact. It is speculated that this problem will be resolved upon introduction of
the organic thin-film in the source-drain gap to prevent direct contact between the
electrodes while allowing switching operation through a tunneling mechanism. The
feasibility of this approach is currently under investigation.
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Figure 7-5: SEM images of three-terminal devices with different cantilever widths and
switching gaps, showing their effects on the structural stability of the fabricated cantilever.
Columns (a), (b) and (c) correspond to switching gaps of about 160 nm, 120 nmn and 50
nm respectively. The rows down each column correspond to cantilever widths of about 100
nm, 120 nm, 150 nm and 180 nm.
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SEM images of three-terminal devices with different cantilever lengths, and
with cantilever width of about 200 nm and switching gap of about 30 nm.
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Figure 7-7: SEM image of a cantilever device and the corresponding current-voltage char-
acteristic (VGS = 0 V).
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Figure 7-6:
7.4 Summary
Laterally actuated squitches can be fabricated in the form of cantilever-based devices
where the deflection of the cantilever using a gate electrode towards the drain electrode
causes compression of an organic thin film leading to modulation of a tunneling gap
defined by an organic layer and an exponential increase in the current. Switching
behavior of the fabricated cantilever devices has been demonstrated in absence of the
organic layer. However, further optimizations of device structures and dimensions are
required to improve the device performance in terms of structural stability, minimizing
the actuation voltage and reducing surface roughness. Device characterization reveals
stiction-induced failure preventing repeatable switching action. It is speculated that
use of organic thin-films in switching gaps to form squitches will mitigate this problem
which is the subject of current research. The cantilever-based lateral devices allow
simultaneous fabrication of both electrodes involved in the tunneling junction required
for the squitch through a more reproducible technique. Therefore, this approach
appears most promising to lead to reliable tunneling NEM devices compared to the
vertically actuated devices introduced in previous chapters.
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Chapter 8
Conclusions and future work
The work presented in this thesis investigates the electromechanical modulation of
tunneling current through a nanometer-thick organic film as an operating mecha-
nism for a novel class of tunneling nanoelectromechanical switches, or "squitches".
Theoretical analyses of two- and three-terminal devices verify the feasibility of this
approach to allow sub-i V operation with nanoseconds switching time and large on-off
current ratio exceeding 6 orders of magnitude. The strong dependence of the switch-
ing mechanism on the organic layer's Young's modulus reveals the need for a more
compressible material to minimize the operating voltage, however, a slower device
operation results. Thus, the trade-off between the device performance parameters
should be optimized depending on the intended application.
Upon theoretical verification of the proposed switching mechanism, this thesis
presents ongoing experimental efforts towards fabricating two- and three-terminal
squitches. The work presented reveals the challenges associated with device fabri-
cation that mainly arise due to the thermal and mechanical fragility of the organic
thin films and the nanometer dimensions of the switching gaps. To allow successful
fabrication of the tunneling junction involved in the squitch design, careful fabrica-
tion and thorough study of each component, that is the bottom electrode, organic
active layer and the top electrode, are shown to be critical. Even though current
approaches serve as a suitable starting platform, further improvements in the fabri-
cation and characterization techniques are necessary to enhance device reliability and
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reproducibility.
Currently, the bottom electrodes for vertically actuated devices are commonly
formed through thermal evaporation of metallic thin films with surface roughness in
a few nanometer range. An ideal squitch with a 4 nm thick switching gap however
requires surfaces with sub-nm roughness, a limitation to be addressed through fu-
ture research. Potential approaches to achieving such smooth surfaces involve use of
template stripped metal, silicon, or graphene to form the bottom electrodes.
To allow squitch operation with less than 1 V, the organic layer must have a low
Young's modulus theoretically shown to be less than a few MPa, the exact thresh-
old depending on the device structure. As well, the organic layer must be insulat-
ing to prevent off-state leakage and its reproducible formation should be feasible in
the nanoscale. Two approaches have been considered to date. One involves ther-
mal evaporation of organic layer constituting molecules whose structures allow large
changes in conformation when compressed. The second approach involves the use
of self-assembled monolayers. The latter appears more promising in forming the
nanometer-thick tunneling gaps with higher precision and reproducibility. As dis-
cussed in Chapter 3, various spectroscopy and characterization techniques have been
used to confirm formation of the active organic layer through self-assembly over the
bottom electrodes. However, the surface coverage and packing density of these layers
over large areas are unknown and should be investigated through future research.
For an optimum squitch device, future work should also focus on engineering or-
ganic thin-films with optimal electromechanical response. Through altering chemical
composition of the molecules forming the monolayer the switching action can be fa-
cilitated leading to faster switching time. For example, partial fluorination of each
molecule would cause rapid recovery of the switch to the more thermodynamically
stable off-state once fluorinated portion comes into the proximity of the hydrocarbon
section when compressed. Also, the organic layer could be engineered such that it
exhibits an improved electrical conductivity when compressed, for example through
causing overlap of orbitals between adjacent molecules. The packing density and
relative arrangements of the molecules in forming the organic layer should also be
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explored as a means to modulate the compressibility of the layer.
The most challenging step in fabricating the tunneling gap in vertically actuated
devices is forming the top contact. Three techniques have been explored, includ-
ing thermal evaporation, nanotrasnfer printing and graphene assembly of the top
electrodes. These techniques are the subject of ongoing research, and further experi-
mentations and optimizations are necessary for their successful implementation.
Thermal evaporation of the metallic top electrode results in low device yield due
to induced electrical shorts through the fabrication process. This might be due to
degradation of the organic film through the high temperature evaporation process
as well as formation of metal filaments penetrating through a loosely packed organic
layer. Use of a conductive organic buffer layer prior to evaporation of the top electrode
is shown to improve device yield. However, the improvement is not sufficient to
allow for repeatable and reproducible device fabrication, posing the need for further
improvements as part of the future research plans. Devices with evaporated top
electrodes have been used to show the compression of the self-assembled PEG-dithiol
in response to an electrostatic force based on which the Young's modulus of the
organic layer is estimated to be ~1 MPa. Thus, the material appears promising
for low voltage devices but further experiments are needed to more comprehensively
study the system.
Nanotransfer printing of the metallic top electrode over self-assembled organic
thin-film does not pose the challenges faced in the evaporation process while provides
a means to form a better defined metal-molecule interface. Thus, it appears as a more
promising approach. In the technique developed and presented in Chapter 5 however
several challenges are faced that should be addressed for successful implementation
of this technique. The surface roughness of the transferred film should be reduced
and accumulation of release layer residues in the tunneling junction throughout the
fabrication process should be avoided. To this end, exploring other methods of trans-
ferring the top electrode is necessary. Use of a more rigid transfer pad and developing
a solvent-free process are among the points to be considered.
The atomically flat surface, high Young's modulus and metallic properties of
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graphene make it a suitable candidate for forming the electrodes in the squitch. An
approach developed and presented in Chapter 6 is self-assembly of graphene sheets
functionalized with the molecules that form the organic thin film in the squitch device.
This approach is advantageous since the organic layer and top electrode are assem-
bled simultaneously. Through this method the density of the organic molecules can
be controlled such that very low density organic films are formed to allow a higher ex-
tent of compression. However, preliminary experiments show aggregation of graphene
sheets through this process. Approaches to mitigate this issue are to be studied. An
alternative approach investigated is electrostatic assembly of graphene sheets. In this
approach carboxylic acid funtionalized graphene flakes with a negative charge are as-
sembled onto positively charged self-assembled monolayers. The presence of charges is
expected to prevent aggregation of negatively charged graphene flakes while promot-
ing their uniform assembly onto oppositely charged surface of the organic layer. This
technique is the subject of ongoing research, and further experimentation is required
to confirm the feasibility of this approach.
As discussed in Chapter 7, cantilever-based lateral squitches patterned using elec-
tron beam lithography have also been studied. This approach which allows simulta-
neous fabrication of the two electrodes involved in the switching gap appears to be
more promising in reproducible fabrication of squitches. The challenge however will
be to introduce the organic layer into the tunneling gap without causing device failure
due to stiction prior to monolayer formation. Three terminal cantilever devices with-
out the organic layer have been successfully fabricated. Future work should focus on
optimization of device geometry and dimensions and to reduce the switching gap in
size to allow for lower voltage applications. As well, methods for solution and vapor
phase growth of organic self-assembled monolayers in the tunneling gap should be
devised.
To verify feasibility of the switching mechanism through electromechanical mod-
ulation of tunneling gaps defined by organic thin-films, the organic layer's electrome-
chanical response within a two- or three-terminal device structure should be measured.
Preliminary results using an optical interferometer and based on the devices fabricated
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using evaporated top electrode, Chapter 4, show a recoverable change in the thickness
of a self-assembled layer of PEG-dithol as a function of applied electrical force. How-
ever, to thoroughly analyze the squitch mechanism, the interferometer measurements
should be made simultaneous with the corresponding electrical measurements which
is the focus of continuing research. As well, considering the few nanometer displace-
ments expected to be detected, more robust and stable measurement setups should be
arranged. A challenge using interferometry arises in measuring the graphene-based
devices. The current optical interferometer technique requires a reflective surface to
provide desired measurements thus will not be suitable to study graphene-based de-
vices. To this end, other measurement techniques such as a combination of atomic
force microscopy and Raman spectroscopy are being developed.
In conclusion, electromechanical modulation of electrical conduction through an
organic thin-film is a promising approach to develop tunneling NEM switches with
energy efficient switching operations in the sub-1 V regime and nanoseconds switching
time. The proposed switching mechanism also mitigates device failure due to stiction
through preventing direct contact between device components while facilitating the
turn off process with a restoring force provided by the deformed organic film. The
fragility of the organic film and the nanoscale dimensions of the switching gap make
reproducible fabrication of such devices challenging, requiring extensive studies to
develop optimum fabrication and characterization processes. However, eliminating
these challenges to develop an optimal device will lead to a new class of tunneling
NEM switches capable of overcoming the limitations of current technologies while
also providing a platform based on which future applications other than switching
may arise.
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